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Abstract
We present a model-independent anatomy of the ∆F = 2 transitions K0 − K¯0,
Bs,d− B¯s,d and D0− D¯0 in the context of the Standard Model Effective Field The-
ory (SMEFT). We present two master formulae for the mixing amplitude
[
M12
]
BSM
.
One in terms of the Wilson coefficients (WCs) of the Low-Energy Effective Theory
(LEFT) operators evaluated at the electroweak scale µew and one in terms of the
WCs of the SMEFT operators evaluated at the BSM scale Λ. The coefficients P ija
entering these formulae contain all the information below the scales µew and Λ,
respectively. Renormalization group effects from the top-quark Yukawa coupling
play the most important role. The collection of the individual contributions of
the SMEFT operators to
[
M12
]
BSM
can be considered as the SMEFT ATLAS of
∆F = 2 transitions and constitutes a travel guide to such transitions far beyond the
scales explored by the LHC. We emphasize that this ATLAS depends on whether
the down-basis or the up-basis for SMEFT operators is considered. We illustrate
this technology with tree-level exchanges of heavy gauge bosons (Z ′, G′) and corre-
sponding heavy scalars.
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1 Introduction 2
1 Introduction
K0−K¯0, Bs,d−B¯s,d andD0−D¯0 mixings have been already for many years the stars among
the flavour-changing neutral-current processes (FCNC) [1,2]. This is in particular the case
of the parameter εK , of the Bs,d − B¯s,d mass differences ∆MBs,d and of mixing induced
CP asymmetries in the latter systems. The KL − KS mass difference ∆MK remained
due to large theoretical uncertainties until recently under the shadow of these observables
although it played a very important role in the past in estimating successfully the charm-
quark mass prior to its discovery [3]. However, recently progress in evaluating ∆MK
within the Standard Model (SM) has been made by the RBC-UKQCD collaboration [4–6]
so that ∆MK begins to play again an important role in phenomenology, not only to bound
effects beyond the SM (BSM) [7–12], but also to help identifying what this new physics
(NP) could be.
These days, the absence of the discovery of new particles at the Large Hadron Col-
lider (LHC) points towards a mass gap between the electroweak (EW) scale µew and the
next threshold scale Λ of new heavy degrees of freedom. For such a scenario, NP ef-
fects can be discussed for all processes between scales sufficiently below Λ down to the
EW scale conveniently within the Standard Model Effective Field Theory (SMEFT), the
renormalizable SM augmented with higher-dimensional operators invariant under the full
SM group SU(3)c × SU(2)L × U(1)Y . The flavour-changing processes of light quarks and
leptons further below the EW scale are described by the usual respective Low-Energy
Effective Field Theories (LEFT) that are invariant under SU(3)c × U(1)em. The LEFTs
are characterized by disjoint sets of flavour-changing operators for each process and are
conveniently separated from each other. They have been studied systematically in the SM
and generalizations in terms of the renormalization group (RG) equations also at higher
orders in QCD and in some cases in QED. Currently this program is extended within
the framework of SMEFT and recently the complete matching of SMEFT to LEFTs at
µew at tree- and one-loop level has been summarized in [13,14]. The matching conditions
of SMEFT to LEFT together with the RG equations within SMEFT and LEFTs are
the essential ingredients to study phenomenological correlations of low- and high-energy1
observables.
Several model-independent SMEFT analyses of FCNC processes can be found in the
literature [11, 15–25]. In particular in [11] a systematic analysis of the RG effects above
the EW scale has been performed and for the first time the full set of constraints on all
relevant dimension-six operators resulting from ∆F = 2 transitions has been presented in
numerous tables.
In the present paper we want to explore two different avenues involving ∆F = 2
transitions. First we will provide in the spirit of the SMEFT anatomy of the ratio ε′/ε
[26, 27] a master formula for ∆F = 2 processes in terms of the standard LEFT operator
basis used already by many authors for two decades following the expressions presented
in [28] with Wilson coefficients (WCs) of the LEFT given at the EW scale µew. The
second avenue leads us to a master formula for ∆F = 2 processes given directly in terms
of the SMEFT operator basis with SMEFT WCs, evaluated at the NP scale Λ. To our
knowledge the SMEFT formula in question is presented here for the first time. It allows
1“High-energy” refers here to scales sufficiently below Λ.
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to include automatically SMEFT effects above the EW scale, in particular the ones from
the RG running of the top-Yukawa coupling. Moreover, in contrast to recent SMEFT
analyses found in the literature it includes in addition to leading order (LO) QCD RG
corrections also the next-to-leading order (NLO) ones below the electroweak scale. This
is necessary to have a proper matching of LEFT WCs to the hadronic matrix elements
from lattice QCD (LQCD).
We believe that the collection of the individual contributions of the SMEFT operators
to this master formula that can be considered as the SMEFT ATLAS for ∆F = 2 tran-
sitions will allow model builders in an efficient manner to obtain predictions for ∆F = 2
processes in a plethora of NP models that are consistent with the rules of the SMEFT. As
we will see such an analysis is also useful for an analytic insight into model-independent
analyses, which complements the very extensive numerical analysis in [11].2 To this end
our ATLAS exhibits in addition to usually assumed most important contributions of a
given operator to
[
M ij12
]
BSM
with ij = ds, db, sb, cu also subleading ones, which in some
NP scenarios could turn out to be the most important ones. Seeing these contributions
to various meson systems side-by-side illustrates possible correlations generated by RG
evolution between ∆F = 2 and ∆F = 1 transitions among the various meson systems
that have to be taken into account. This is in particular the case between B0d and B
0
s as
well as K0 and D0 meson systems. Our ATLAS casts in this manner some doubts on the
validity of many analyses present in the literature that consider only one or two operators
at the time and restrict the analyses to a single meson system. Such analyses can only
be considered as a first look and have to be supplemented eventually by a more complete
SMEFT analysis that optimally includes a concrete UV completion. This is undermined
by the fact that within the SMEFT the results depend on the chosen basis for SMEFT
operators that signals the need for the UV completions that include some aspects of a
theory for Yukawa couplings.
Our paper is organized as follows. In Section 2 we recall the LEFT for the ∆F = 2
processes in any BSM scenario. We pay particular attention to scheme transformations
among the various operator bases in the literature to enable a consistent use of RG
equations, hadronic matrix elements as well as UV matching conditions to SMEFT at the
EW scale. In particular we discuss the treatment of the evanescent operators, which must
be consistent with the available two-loop anomalous dimensions of the involved operators.
In Section 2.4 we present an update of the master formula for ∆F = 2 processes
(K0 − K¯0, Bs,d − B¯s,d and D0 − D¯0) in LEFT valid in any BSM scenario first presented
in [28]. It depends on the model-independent matrix elements evaluated at µew = 160 GeV
and on Wilson coefficients of these operators evaluated at the same scale. All the model
dependence is collected in the values of these coefficients. As a byproduct we present
in Section 2.3 a review of various estimates of hadronic matrix elements found in the
literature.
In Section 3 we perform a general SMEFT anatomy of ∆F = 2 processes, which
eventually leads us to the most important formula for ∆F = 2 processes in our paper,
the one given entirely in terms of SMEFT WCs in the Warsaw basis [30] at the NP scale
2While the RG analysis in [11] is based on the first-leading-log approximation, we perform full resum-
mation of leading logarithms which allows to include automatically the mixing between operators that is
absent if only the first leading logarithm is kept. See [29] for a detailed analysis of such effects.
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Λ. In this context we stress the importance of the Yukawa RG effects in the evolution
from Λ down to µew. We also emphasize the differences between results obtained in
down- and up-Warsaw bases. In this section we discuss one-loop matching of SMEFT
onto LEFT in the analytic form and collect the relevant RG equations accompanied by
RG flow charts. This section culminates in the SMEFT ATLAS, mentioned previously,
built out of numerous formulae for the individual contributions of the relevant operators.
In the main text we present these formulae for Λ = 5 TeV while in the Appendix A the
corresponding expressions are given for Λ = 100 TeV. The full set of contributions from
all relevant SMEFT operators can be found in an ancillary file to the archive submission
of this article. We also present the effective sensitivity scales Λi of the Wilson coefficients
of the dominant operators.
In Section 4 we illustrate this technology on a number of simplified models that allow
for ∆F = 2 processes at tree-level via heavy spin-zero or spin-one boson exchange. This
includes models with colourless heavy gauge bosons (Z ′) and scalars and models with
coloured heavy gauge bosons (G′a) and scalars. Also the cases of vector-like quarks and
leptoquarks are briefly considered.
In Section 5 we summarize the main results of our paper and present a brief outlook
for the coming years. In appendices we present the SMEFT ATLAS for Λ = 100 TeV and
its version for NP scenarios of Section 4 at Λ = 5 TeV in the up-basis. We list the relations
between various operator bases and we report the one-loop matching of the SMEFT onto
the LEFT in an analytic form both in the down basis and the up basis. Finally, we
elaborate on the issue of evanescent operators.
2 LEFT Anatomy of ∆F = 2 Processes
2.1 Preliminaries
The ∆F = 2 LEFTs for K0 − K¯0, Bs,d − B¯s,d and D0 − D¯0 mixing arise in the SM from
the decoupling of the heavy electroweak gauge bosons, the Higgs field and the top quark
at µew and similarly by the decoupling of heavy degrees of freedom in any UV completion
where additional light degrees of freedom below µew are absent, as is the case for SMEFT.
We decompose the corresponding effective Hamiltonian [31, 32] into the SM and BSM
contribution as follows
Hij∆F=2 =
[Hij∆F=2]SM +∑
a
Cija (µ)Q
ij
a + h.c., (1)
with ij = ds for K0 − K¯0 mixing and ij = sb, db for Bs,d − B¯s,d mixing, respectively. In
the SM there is only a single ∆F = 2 operator in each meson system[Hij∆F=2]SM = N (λijt )2 [CijVLL(µ)]SM QijVLL + h.c., (2)
with the expression for QijVLL given in (8). In the SM analyses it is common to extract a
normalisation factor N and the CKM combinations given respectively by
N = G
2
Fm
2
W
4pi2
, λijt = V
∗
tiVtj, (3)
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where we show the case of down-type mixing. Then the effect of the SM one-loop box
diagrams with top-quark exchange for down-type mixing is contained in3
CijVLL(µew)|SM = δij S0(xt), S0(x) =
x(4− 11x+ x2)
4 (x− 1)2 +
3x3 lnx
2 (x− 1)3 , (4)
at the scale µew. The function S0(xt) depends on the ratio of the top-quark and W -boson
masses xt ≡ m2t/m2W . The NLO QCD matching correction is known from [33] and NLO
EW matching corrections from [34].
The case of ∆C = 2 is found by exchanging the down-type quarks with up-type quarks
in the operators and using ij = cu. The pure short-distance box diagrams with W -boson
exchange and light down-type quarks yield vanishing contribution due to the unitarity of
the CKM matrix, i.e. GIM cancellation. This can be also inferred from S0(x)→ 0 in the
limit x→ 0 and in consequence [Hcu∆F=2]SM = 0 in (1).
The most general LEFT operator basis consists of eight operators Qija , with different
basis conventions in the literature. We anticipate that in SMEFT only four out of the eight
operators are generated. The Wilson coefficients Cija (µ) depend on the renormalization
scale µ. They are obtained at the matching scale µew and can be evolved via the RG
equations to a typical low-energy scale µhad of the order of a few GeV, i.e. the order of
the relevant external scales.
The ∆F = 2 operators contribute to the off-diagonal element of the mass matrix of
neutral meson (M0 = K0, D0, Bs,d) mixing as follows
M ij12 ≡
[
M ij12
]
SM
+
[
M ij12
]
BSM
=
〈M0|Hij∆F=2|M0〉
2MM0
+O (dim-8) , (5)
where [
M ij12
]
BSM
=
1
2MM0
∑
a
Cija (µ) 〈Qija 〉(µ) +O (dim-8) , (6)
the central quantity in our paper, is given in terms of Wilson coefficients and hadronic
matrix elements of the operators,
〈Qija 〉 = 〈Qija 〉(µ) ≡ 〈M0|Qija |M0〉(µ) . (7)
The µ dependence and more generally renormalization-scheme dependences of Wilson
coefficients and hadronic matrix elements cancel in (6), such that observables that depend
on theM ij12 are independent of the renormalization scheme. We will list the most important
observables in Section 2.4.
The hadronic matrix elements 〈Qija 〉(µ) are calculated with nonpertubative methods
like LQCD or QCD sum rules at the typical low energy scales µ = µhad of a few GeV
set by the masses of the neutral mesons MM0 . For K
0 − K¯0 mixing also the dual QCD
(DQCD) approach is useful [35].
3Note that whereas CijVLL(µew)|SM is dimensionless, the WCs in the BSM part carry dimension 1/TeV2.
This will also be the case of the BSM contributions from QijVLL to ∆F = 2 processes and will be evident
from our results.
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The leading contribution in the expansion of the ratio µhad/µew  1 to the off-diagonal
element M ij12 is due to the dimension-six contributions of the ∆F = 2 effective Hamilto-
nian at the low-energy scales as given in (5). In fact, this is a very good approximation
for Bs,d − B¯s,d mixing in the SM [36].4 However, in the case of K0 − K¯0 mixing the
strong CKM hierarchies suppress in the SM this contribution such that dimension-eight
contributions are CKM-enhanced and compete numerically with it. In the SM the nu-
merically most important contributions at dimension eight are from double-insertions of
∆F = 1 dimension-six operators. Here the contributions of ∆F = 1 operators with charm
quarks can be still decoupled perturbatively and actually absorbed as additional ∆F = 2
contributions in (5). However, there is a remaining dispersive contribution to M ij12 from
∆F = 1 operators with light quarks (q = u, d, s), which can be evaluated only with
nonperturbative methods and prevents up to now the full prediction of ∆MK in the SM
and also beyond. These dimension-eight contributions, those that can still be decoupled
at the charm scale and also the genuine long-distance ones, are indicated in (5) and (6).
Although our objective is to provide a general anatomy of ∆F = 2, our main focus will
be the anatomy of the leading dimension-six term of (5) in SMEFT.
The Wilson coefficients Cija (µ) in (6) are calculated perturbatively and are renor-
malised in the MS scheme because of the particularly simple RG evolution from µew to
any other scale µ. The necessary anomalous dimension matrices (ADM) are known at
NLO in QCD [32] for the so-called BMU operator basis, see (8). It is important to bear in
mind that these higher-order calculations in dimensional regularisation with D 6= 4 dimen-
sions require a generalization of the four-dimensional Levi-Civita tensor, and specifically
γ5, which can be conveniently done with the help of so-called evanescent operators [39–41]
and naively anti-commuting γ5 (NDR). The presence of evanescent operators besides the
physical ones requires for example also a finite renormalization of those parts of matrix
elements of evanescent operators that are proportional to physical operators. Therefore
the Wilson coefficients and ADMs are dependent on the choice of evanescent operators
as well. The hadronic matrix elements 〈Qija 〉 are calculated by LQCD collaborations em-
ploying nonperturbative renormalization schemes. These results are then converted to the
MS-NDR including the very same evanescent operators to guarantee a cancellation of the
renormalization scheme dependences in (5) to the NLO in QCD. The typical scale µhad
after conversion is of order of a few GeV, depending on the meson type. The NLO QCD
corrections are particularly important at these low scales because the QCD coupling αs
is large. Of course, 〈Qija 〉(µ) obey the very same RG equations as the Wilson coefficients
except that the ADMs used in the latter are replaced by the transposed ones.5 Therefore
they can be evolved to any (perturbative) scale µ, in particular µew or even Λ.
Unfortunately there is no unique choice of the operator basis for the calculation of
hadronic matrix elements in the literature, requiring basis changes at NLO in QCD, that
we will explain in more detail now.
4Constraints from Bs,d − B¯s,d mixing on NP contributions in current-current operators have been
studied in [37,38].
5Usually in LEFT the RG evolution of WCs is governed by transposed ADMs of the operators [42],
but in the SMEFT literature these transposed ADMs are just called ADMs.
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2.2 ∆F = 2 Operator Bases
Several ∆F = 2 operator bases have been chosen for various reasons in the past. We
begin with the so-called BMU basis [32] for which the complete ADMs at NLO in QCD
have been calculated in [32]. The BMU basis consists of (5 + 3) = 8 physical operators
QijVLL = [d¯iγµPLdj][d¯iγ
µPLdj],
QijLR,1 = [d¯iγµPLdj][d¯iγ
µPRdj], Q
ij
LR,2 = [d¯iPLdj][d¯iPRdj],
QijSLL,1 = [d¯iPLdj][d¯iPLdj], Q
ij
SLL,2 = −[d¯iσµνPLdj][d¯iσµνPLdj],
(8)
which are built exclusively out of colour-singlet currents [d¯αi . . . d
α
j ][d¯
β
i . . . d
β
j ], where α, β
denote colour indices. This feature is very useful for calculations in DQCD [35,43], because
the matrix elements in the large-Nc limit can be obtained directly without using Fierz
identities. The chirality-flipped sectors VRR and SRR are obtained from interchanging
PL ↔ PR in VLL and SLL. Note that the minus sign in QijSLL,2 arises from different
definitions of σ˜µν ≡ [γµ, γν ]/2 in [32] w.r.t. σµν = iσ˜µν used here. The ADMs of the five
distinct sectors (VLL, SLL, LR, VRR, SRR) have been calculated at NLO in QCD [32],
and numerical solutions for ij = ds, bd, bs are given in [28].
The so-called SUSY basis [8, 44] instead uses the operators
Qij1 = Q
ij
VLL ,
Qij4 = Q
ij
LR,2 , Q
ij
5 = [d¯
α
i PLd
β
j ][d¯
β
i PRd
α
j ] = −
1
2
QijLR,1 ,
Qij2 = Q
ij
SLL,1 , Q
ij
3 = [d¯
α
i PLd
β
j ][d¯
β
i PLd
α
j ] = −
1
2
QijSLL,1 +
1
8
QijSLL,2 ,
(9)
and Qij1′,2′,3′ obtained from Q
ij
1,2,3 via PL → PR. The relations for Qij3,5 are the usual Fierz
relations valid in D = 4 only. Beyond the LO evanescent operators must be added to
the r.h.s of these relations. However, as demonstrated in [39], and subsequently discussed
in [40, 41], a particular definition of these operators can be made so that these operators
affect only two-loop anomalous dimensions, but have no impact on one-loop matching and
allow to use D = 4 Fierz relations in transforming one operator basis to another one. In
the present paper we use exclusively this definition (BMU) of the evanescent operators6
that is consistent with the two-loop anomalous dimensions calculated in [32] that are used
in the master formulae of [28]. Therefore we did not show them explicitly in the formulae
above. However, this is an important issue for the future NLO SMEFT analyses and we
elaborate on it in Appendix E. The ADMs of the Qij1,1′ at NLO in QCD are identical to
the results of the ones of the VLL and VRR sectors in the BMU basis.
Yet another basis is relevant for our study, which has been introduced to facilitate
the classification of the complete LEFT operator basis [13] for the purpose of matching
6There is a second choice of evanescent operators known as BBGLN [45] in the context of SM calcu-
lations of life times and decay width differences for Bq mesons, which does not preserve Fierz relations
beyond LO QCD. The transformation from the BMU to the BBGLN basis at NLO QCD is given in [46].
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with SMEFT. We will refer to it as JMS basis. The full one-loop matching of SMEFT to
LEFT in the JMS basis was recently given in [14]. The relevant ∆F = 2 operators are
[QV LLdd ]ijij = Q
ij
VLL ,
[QV RRdd ]ijij = Q
ij
VRR ,
[QV 1,LRdd ]ijij = Q
ij
LR,1 ,
[QV 8,LRdd ]ijij = [d¯iγµPLT
Adj][d¯iγ
µPRT
Adj] = −1
6
QijLR,1 −QijLR,2 ,
[QS1,RRdd ]ijij = Q
ij
SRR,1 ,
[QS8,RRdd ]ijij = [d¯iPRT
Adj][d¯iPRT
Adj] = − 5
12
QijSRR,1 +
1
16
QijSRR,2 ,
(10)
where TA are SU(3)c colour generators of the fundamental representation. Note that
([QS1,RRdd ]jiji)
† = QijSLL,1 etc. To make use of the one-loop matching results in the JMS
basis and connect them with the hadronic matrix elements from LQCD collaborations it
is hence necessary to transform the Wilson coefficients in the JMS basis to the BMU (or
SUSY) basis in order to cancel the scheme dependence of hadronic matrix elements at
NLO in QCD. We collect these relations in Appendix C.
Eventually we note that the four operators QSLL1,2 and Q
SRR
1,2 violate hypercharge and,
although allowed by SU(3)c×U(1)em, cannot be generated at and above the EW scale in
the context of SMEFT and moreover cannot be generated through RG evolution.
2.3 Hadronic Matrix Elements
The matrix elements 〈Qija 〉 in (6) are provided by LQCD collaborations that present results
either for the BMU or the SUSY basis. The matrix elements of the LR and SLL/SRR
sectors are chirally enhanced compared to the VLL/VRR sector, as the latter vanish in
the chiral limit. The corresponding chiral enhancement factor
rijχ (µ) ≡
(fM0MM0)
−2
〈M0|diγ5dj|0〉 〈0|diγ5dj|M0〉
(VIA)≈
(
MM0
mi(µ) +mj(µ)
)2
(11)
is related to the meson decay constant fM0 and the overlap of the scalar densities with
the meson states. It is renormalization-scheme dependent and involves in the vacuum
insertion approximation (VIA) and DQCD approach the MS quark masses. It becomes
especially large for K0 − K¯0 mixing.
Usually the LQCD collaborations prefer not to calculate directly 〈Qija 〉, but rather
ratios, as for example [47]
Rija (µ) ≡
〈Qija 〉(µ)
〈QijVLL〉(µ)
, a 6= VLL , (12)
which exhibit a cancellation of LQCD-specific systematic uncertainties. The Rija (µ) ad-
vantageously include the nonpertubative evaluation of rijχ .
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However, for historical reasons the 〈Qija 〉(µ) are expressed often also in terms of bag
factors Bija (µ) that are unity in the VIA, i.e. they quantify the deviation from VIA.
This allows also for getting insight in their LQCD values for K0 − K¯0 mixing with the
help of DQCD [35]. The bag parameters are also subject to cancellation of systematic
uncertainties in LQCD calculations [48,49]. There are different conventions for the various
neutral meson systems, but all are for the SUSY basis
〈Qij1 〉(µ) =
2
3
(FM0MM0)
2Bij1 (µ),
〈Qija 〉(µ) = N ija
(
rijχ + d
ij
a
)
(FM0MM0)
2Bija (µ), a ∈ (2, 3, 4, 5)
(13)
with N ija = (−5/12, 1/12, 1/2, 1/6). The Bds1 is the well-known BK parameter of K0−K¯0
mixing. Further, the constants dija = 0 for K
0 − K¯0 and D0 − D¯0 [50] mixing, whereas
diba = (0, 0, 1/6, 3/2) for Bs,d − B¯s,d mixing [49,51].
It is obvious that the bag factors themselves are not sufficient to calculate the 〈Qija 〉, but
require the knowledge of rijχ . For example, FNAL/MILC calculates 〈Qija 〉 for Bs,d−B¯s,d [51]
and D0− D¯0 [52] mixing directly and converts then to bag factors using the VIA form of
ribχ in (11) with fixed numerical values of the quark masses and decay constant. In this way
ribχ can be regarded as a fixed numerical convenience factor that in principle would not
introduce additional uncertainties related to quark masses and decay constant, despite
being scheme dependent. Consequently, in all applications then strictly the numerical
values of quark masses and decay constants used by FNAL/MILC must be used as well
for the conversion of Bija → 〈Qija 〉. On the other hand the Flavour Lattice Averaging
Group (FLAG) [44] provides currently K0 − K¯0 bag factors without rdsχ , and hence in
phenomenological predictions the applicant is forced to introduce unknown systematic
uncertainties when using the VIA approximation of rdsχ together with the parametric un-
certainties from the quark masses and the decay constants. The latter two quantities are
usually obtained from different dedicated LQCD calculations that in principle involve dif-
ferent systematic uncertainties as well. Therefore it is important that the FLAG provides
also the rdsχ or alternatively directly averages of the matrix elements 〈Qija 〉 or the ratios
Rija . The summary of the current status is as follows.
• In the case of K0 − K¯0 mixing, FLAG provides a summary [44] of the available
results for the bag factors Bdsa (a = 1, 2, 3, 4, 5) of the SUSY basis.
7 They are from
ETM for Nf = 2 [54] and for Nf = 2 + 1 + 1 from [50], as well as the Nf = 2 + 1
average from the SWME [48] and RBC-UKQCD [55,56] LQCD collaborations. We
will use here the FLAG average for Nf = 2+1, for further details see also [44,57]. We
note that SWME provides results for the BMU basis, which have been converted
to the SUSY basis by FLAG. In principle RBC-UKQCD provides also the ratios
Rdsa , which do not require the knowledge of r
ds
χ . We will use the averages of the
Nf = 2 + 1 bag factors from FLAG.
• For the case of Bs,d − B¯s,d mixing, FLAG provides only averages for the bag factor
Bib1 of the SM operator. However, the full set of matrix elements has been calculated
7Note that we use the convention ij = ds as opposed to FLAG’s ij = sd, which complies with the
convention in WCxf [53].
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Parameter Value Ref. Parameter Value Ref.
α
(5)
s (mZ) 0.1181(11) [64] mZ 91.1876(21) GeV [64]
MK0 497.611(13) MeV [64] fK/fpi 1.194(5) [44]
∆MK 3.484(6)·10−15 GeV [64] fpi 130.41(20) MeV [64]
MD0 1864.83(5) MeV [64] τD0 4.101(15)·10−13 s [64]
∆MD 6.3(
+1.8
−1.9)·10−15 GeV x 0.39(+11−12)·10−2 [64]
MBs 5366.88(17) MeV [64] MBd 5279.64(13) MeV [64]
∆MBs 1.1683(13)·10−11 GeV [64] ∆MBd 3.334(13)·10−13 GeV [64]
fBs 230.3(1.3) MeV [44] fBd 190.0(1.3) MeV [44]
ms(2 GeV) 92.0(1.1) MeV [44] md(2 GeV) 4.67(9) MeV [44]
Table 1: Numerical input values for parameters entering the conversion of bag factors to matrix
elements and the LEFT master formula (15). The values of the strange- and down-quark masses
in the MS scheme are the Nf = 2 + 1 averages of lattice determinations from the FLAG group
from [65–70]. The Bq-meson decay constants fBq are averages from the FLAG group for Nf =
2 + 1 + 1 from [71–74]. They are almost identical to the single determination of FNAL/MILC
fBs = 230.7(1.3) MeV and fBd = 190.5(1.3) MeV [71]. We determine ∆MD = x/τD0 with the
value of x from a global fit when allowing CP violation in all decays [64], for comparison it would
be x = 0.50(+13−14)·10−2 assuming no CP violation.
with LQCD methods for Nf = 2 by ETM [58], Nf = 2+1 by FNAL/MILC [51] and
for Nf = 2 + 1 + 1 by HPQCD [49]. Further, the bag factors were also calculated
with sum rules [59–62] and the average of LQCD (except [58]) and sum rule results
can be found in [63]. We use the averages of the bag factors from HPQCD and
FNAL/MILC, as given in [49].
• For the case of D0− D¯0 mixing, ETM calculated bag factors for Nf = 2 + 1 + 1 [50]
and more recently FNAL/MILC the matrix elements for Nf = 2 + 1 [52] for the
full set of ∆C = 2 operators (BBGLN and BMU). Both results are consistent with
largest tensions for bag factors Bcu4,5. The sum rule determination [60] suffers from
larger uncertainties and is consistent with the LQCD determinations. We prefer to
use the more recent direct determinations of matrix elements from FNAL/MILC [52]
over the bag factors of ETM [50].
The numerical values of the ∆F = 2 nonperturbative input for K0 − K¯0, D0 − D¯0 and
Bs,d − B¯s,d mixing is collected in Table 2. There we provide the matrix elements in the
MS-NDR scheme at a low-energy scale µhad for the SUSY basis, which can be converted
to the BMU basis with the help of (9). The number of flavours, Nf , in Table 2 gives the
starting number of active flavours used in the running of αs for the RG evolution.
In the absence of any information on the chiral enhancement factor from FLAG, we
use for the conversion of the K0 − K¯0 bag factors to matrix elements the Nf = 2 + 1 MS
quark masses from FLAG [44] together with the Kaon decay constant and masses [64]
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ij µhad Nf 〈Qij1 〉 〈Qij2 〉 〈Qij3 〉 〈Qij4 〉 〈Qij5 〉
[GeV] [GeV4] [GeV4] [GeV4] [GeV4] [GeV4]
sd 3.0 3 0.002156(34) −0.0420(16) 0.0128(6) 0.0930(30) 0.0241(14)
cu 3.0 4 0.0806(56) −0.1442(72) 0.0452(31) 0.2745(140) 0.1035(74)
db 4.16 5 0.56(2) −0.53(3) 0.106(8) 0.96(5) 0.51(2)
sb 4.16 5 0.86(3) −0.85(5) 0.174(11) 1.40(6) 0.74(3)
Table 2: The values of the matrix elements in the SUSY basis in the MS-NDR scheme at the
low-energy scale µhad for number of flavours Nf .
listed in Table 1. The chiral enhancement factor is rdsχ = 33.44(78) at µhad = 3.0 GeV
for Nf = 3. Note that B
ds
1 is given by FLAG at µ = 2.0 GeV, whereas all the other bag
factors Bds2,3,4,5 at µhad = 3.0 GeV, thus we have evolved 〈Qds1 〉 to that scale as well.
The conversion of the averaged bag factors for Bs,d−B¯s,d mixing given in [49] to matrix
elements is done with the very same values of the MS quark masses as given in Table 1
of [49]
mb(mb) = 4.162(48) GeV,
mb
ms
= 52.55(55),
ms
md
= 27.18(10), (14)
the Bq-meson decay constants from [71] and Bq-meson masses in Table 1. Thus, we use the
very same values as HPQCD to calculate the chiral enhancement factors rdbχ = 1.607(37)
and rsbχ = 1.601(37) at µhad = 4.16 GeV.
The RG evolution of the matrix elements depends strongly on the running coupling
αs, for which we use the initial value α
(5)
s (mZ) with Nf = 5 given in Table 1 and three-
loop equations for the RG evolution. The quark-threshold crossings to Nf = 4 is set to
µ4 = 4.2 GeV and for Nf = 3 to µ3 = 1.3 GeV, whereas when going to Nf = 6 we use
µ5 = µew = 160 GeV.
Inspecting Table 2 we observe the following pattern:
• The matrix elements of LR operators are in the K0 − K¯0 system much larger than
the matrix element of the SM VLL operator due to the chiral enhancement. In
particular 〈QdsLR,2〉 = 〈Qds4 〉 is very large with significant impact on phenomenology
as known already for decades [31,32,75,76].
• While this pattern is also seen to some extent in the charm system it is practically
absent at these scales in the Bs,d− B¯s,d systems where chiral enhancement is absent.
• However, as we will see in the master formulas for M ij12 in LEFT, and in particular
in SMEFT, the hierarchy in question is further enhanced in the K0 − K¯0 system
through RG effects. Even in the Bs,d− B¯s,d and charm systems the matrix elements
of the LR operators and consequently the coefficients in the master formulae are
significantly larger at these high scales than the SM one. This feature is known
from [77,78].
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BMU PVLL PSLL,1 PSLL,2 PLR,1 PLR,2 units
K0 0.102(2) -4.32(16) -7.93(37) -8.55(28) 14.14(82) 107 TeV2
D0 0.56(4) -2.20(11) -4.04(28) -4.23(22) 6.18(44) 107 TeV2
Bd 2.67(10) -4.99(28) -9.05(68) -10.29(54) 12.75(50) 10
5 TeV2
Bs 1.15(4) -2.24(13) -4.08(26) -4.20(18) 5.22(21) 10
4 TeV2
SUSY P1 P2 P3 P4 P5 units
K0 0.102(2) -4.32(16) 1.09(5) 14.14(82) 4.28(14) 107 TeV2
D0 0.56(4) -2.20(11) 0.56(4) 6.18(44) 2.12(11) 107 TeV2
Bd 2.67(10) -4.99(28) 1.12(8) 12.75(50) 5.15(27) 10
5 TeV2
Bs 1.15(4) -2.24(13) 0.51(3) 5.22(21) 2.10(9) 10
4 TeV2
JMS P V LLdd P
S1,RR
dd P
S8,RR
dd P
V 1,LR
dd P
V 8,LR
dd units
K0 0.102(2) -4.32(16) 1.31(5) -8.55(28) -12.72(74) 107 TeV2
D0 0.56(4) -2.20(11) 0.66(3) -4.23(22) -5.48(39) 107 TeV2
Bd 2.67(10) -4.99(28) 1.51(9) -10.29(54) -11.04(44) 10
5 TeV2
Bs 1.15(4) -2.24(13) 0.68(4) -4.20(18) -4.52(18) 10
4 TeV2
Table 3: The values of the coefficients P ija (µew) entering the LEFT master formula (15) at
µew = 160 GeV in the BMU, SUSY and JMS bases, using as input the MS-NDR matrix elements
at the low-energy scale µhad from Table 2. The shown uncertainties are due to the either matrix
elements or the bag factors and their corresponding chiral enhancement factors.
2.4 LEFT Master Formula
Hadronic matrix elements from LQCD, DQCD and sum rules are usually obtained at low
energy scales µhad of a few GeV. However, for a transparent study of NP contributions
that are generated at higher scales it is useful to evaluate these matrix elements at the
EW scale µew, the largest scale of validity of LEFT. This can be done by means of RG
methods as explained in great detail in [28]. In this section we adapt these results to
derive the first master formula for ∆F = 2 processes given in terms of LEFT Wilson
coefficients evaluated at the EW scale. The one involving SMEFT Wilson coefficients will
be presented in Section 3.3.
We find it convenient to present the numerical results in the form of the master formula
2
[
M ij12
]
BSM
= (∆Mij)exp
∑
a
P ija (µew)C
ij
a (µew). (15)
The normalization to the experimental value of (∆Mij)exp allows easily to infer the size
of the BSM Wilson coefficients Cija (µew) that would generate a certain fraction of this
measured value, in view of the known numerical values of the coefficients P ija (µew), which
are collected in Table 3. The P ija (µew) = 〈Qija 〉(µew)/(MM0(∆Mij)exp) are given in terms
of the matrix elements at the EW scale as follows from (6). They are related to the
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[P ija (µew)]
BJU
from [28] as
P ija (µew) =
2
3
MM0f
2
M0
(∆Mij)exp
[
P ija (µew)
]BJU
. (16)
The expressions of [P ija (µew)]
BJU
and P ija (µew) summarize the RG evolution from the low-
energy scale µhad and the matrix elements 〈Qija 〉(µhad) from Table 2, such that the µhad
dependence cancels [28].
For the numerical evaluation of the RG evolution of the matrix elements at NLO in
QCD, we use for Bs,d − B¯s,d mixing the initial scale and Nf = 5 as given in Table 2. In
the case of D0 − D¯0 mixing the RG evolution starts at µ = 3.0 GeV with Nf = 4 and
is switched to Nf = 5 at µ4 = 4.2 GeV. In the case of K
0 − K¯0 mixing the evolution
is done first with Nf = 3 from µ = 3.0 GeV down to µ3 = 1.3 GeV and only then we
switch to Nf = 4 to evolve up in scale to µew, with the intermediate threshold crossing
to Nf = 5 at µ4. The NLO QCD corrections always lead to an increase of the LO
results for the P ija of about {1.5 − 1.9, 4.7 − 6.0, 2.0 − 2.7, 6.0 − 10.4, 9.7 − 11.4}%
for a = {VLL, SLL1, SLL2, LR1, LR2} in the BMU basis, with smallest numbers for
Bs,d − B¯s,d mixing and largest for K0 − K¯0 mixing. The size of the NLO corrections is
up to roughly a factor of two larger than the current hadronic uncertainties due to the
matrix elements. The effect is also shown in Figure 1 for K0 − K¯0 and Bs − B¯s mixing.
The formulae for observables in terms of these matrix elements can be found in many
papers, in particular in the recent book [2]. Here we recall just the general dependence
ij = ds : ∆MK = 2 Re
(
Mds12
)
, εK ∝ Im
(
Mds12
)
, (17)
ij = ib : ∆MBi = 2
∣∣M ib12∣∣, φi = Arg(M ib12). (18)
We remind the reader that ∆MK,D receive also substantial long-distance corrections.
Further, we have assumed that SM QCD penguin pollution and new physics in b → scc¯
processes are negligible.
The magnitude of the dimensionfull P ija ∼ µ2 must be cancelled by the Cija ∼ (µ′)−2,
such that their ratio µ/µ′ < 1 does not lead to excessive BSM contributions to [M ij12]BSM
that would be ruled out by observations. In the case of BSM contributions at tree-level the
µ′ can be interpreted as the mass scale Λ of the new physics. It is instructive to calculate
the size of CijVLL in the SM using (2). The normalization factor and the universal one-loop
function entering down-type meson mixing are of order NS0(xt) ≈ 0.0518 TeV−2. The
CKM combinations entering Bs,d − B¯s,d and K0 − K¯0 mixing found from a SM CKM fit
are |(VtbV ∗td)2| ≈ 8.0 ·10−5, |(VtbV ∗ts)2| ≈ 1.7 ·10−3 and (V ∗tdVts)2 ≈ (9.5+9.9 i) ·10−8.8 Then
the corresponding inverse, now given in the BSM normalization, is found to be
(
CijVLL
)−1
SM
=
1
NS0(xt)
∣∣(λijt )2∣∣ ≈

2.0·108 TeV2 ij = ds
2.4·105 TeV2 ij = db
1.1·104 TeV2 ij = sb
. (19)
8The CKM input is found from the Wolfenstein parameters λ = 0.22453(44), A = 0.836(15), ρ =
0.122(+18−17) and η = 0.355(
+12
−11) [64], respectively.
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Figure 1: The QCD RG evolution at NLO [solid] versus LO [dashed] for some of the coefficients
P ija (µ) for K0−K¯0 [left] and Bs−B¯s mixing [right]. The coloured band around the NLO results
shows the hadronic uncertainties from the matrix elements. The vertical dashed line indicates
µew = 160 GeV and for K
0 − K¯0 mixing also the Nf = 4, 5 flavour thresholds. For scales larger
than µew the full SMEFT RG evolution should be used in principle, including Yukawa and the
full SM gauge sector contributions.
It shows that for Bs,d − B¯s,d mixing the short-distance SM contribution yields to a good
accuracy the experimental value as can be seen by comparison with P dbVLL = 2.67·105 TeV2
and P sbVLL = 1.15 ·104 TeV2 from Table 3. On the other hand for K0 − K¯0 mixing the
“experimental” P dsVLL = 0.10·107 TeV2 in Table 3 is not made up by the short-distance SM
contribution of the top-quark in (19) alone, which is only about 0.5% of the measured
value of ∆MK = 2 Re(M
ds
12 ). Similarly K ∝ Im(Mds12 ) is not nearly reproduced by the top-
quark contribution alone. Here there are also charm-top and charm-charm contributions,
as reanalysed recently in the SM at NNLO in QCD [79].
We have completed the calculation of the dynamics below the EW scale by obtain-
ing the values of the coefficients P ija (µew) accompanying the LEFT Wilson coefficients
Cija (µew). In the next section we will present a detailed SMEFT anatomy of the corre-
sponding coefficients P ija (Λ) that collect the information about the SMEFT dynamics up
to the new physics scale Λ.
3 SMEFT Anatomy of ∆F = 2 Processes
3.1 Preliminaries
The main assumption inherent to the SMEFT framework is that NP interactions have
been integrated out at some high scale Λ  µew above the electroweak scale. The field
content of the SMEFT Lagrangian
LSMEFT = L(4)SM +
∑
a
Ca(µ)Oa (20)
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are the SM fields and the interactions are locally invariant under the SM gauge group
SU(3)c × SU(2)L × U(1)Y . Here L(4)SM is the renormalizable part known from the SM,
whereas the Oa are higher-dimensional (dim = 5, 6) operators that parametrize the ef-
fects of new physics. We use here the non-redundant set of operators as classified in [30],
also known as the “Warsaw” basis. The dimension-four part L(4)SM contains all the cou-
plings known from the SM, however, their numerical values can be significantly altered
in the presence of higher-dimensional SMEFT operators, i.e. nonvanishing Wilson coeffi-
cients Ca(µ).
In SMEFT it is convenient to work above µew in the unbroken SU(2)L×U(1)Y phase,
however electroweak symmetry breaking (EWSB) is taking place at µew and it is more con-
venient to transform gauge bosons and fermions from the weak to their mass eigenstates,
see details on SMEFT-specific modifications due to the presence of higher-dimensional
operators in [80]. There is some freedom in the choice of the weak eigenstates of fermions,
which allows to choose the mass term of either the down-type quarks or the up-type
quarks to be flavour9 diagonal already at the NP scale Λ, to which we refer as down-basis
and up-basis, respectively. Usually the down- or up-basis are defined at the electroweak
scale, but our choice at the new physics scale seems more appropriate in the context of
matching a UV completion on SMEFT. Note that in SMEFT the mass term consists of
dimension-four Yukawa couplings and a dimension-six contribution, and hence in SMEFT
their sum is chosen diagonal. This fixes then also the definition of all SMEFT Wilson
coefficients as explained in more detail in [81]. Throughout we denote Wilson coefficients
in the down-basis by Ca and those of the up-basis are denoted with a hat as Cˆa.
The RG evolution of the dimension-four couplings in L(4)SM and of the Wilson coeffi-
cients Ca(µ) from the scale Λ to µew is governed by the ADMs in SMEFT. Given some
initial coefficients Ca(Λ), they can be evolved down to µew, thereby resumming leading
logarithmic (LL) effects to all orders in the quartic Higgs, gauge and Yukawa couplings
into Cb(µew). The formal solution of the coupled ordinary first order differential equations
is given as
Cb(µew) =
∑
a
Uba(µew,Λ) Ca(Λ), (21)
which can be obtained in the most general case numerically. The following comments
should be made.
• The matrix Uba(µew,Λ) is the RG evolution matrix. It is presently known from the
one-loop ADMs of the Warsaw basis [80,82,83]. At NLO it requires the calculation of
the two-loop ADMs, of which some results, in particular for QCD, are scattered over
the literature and recent discussions can be found in [84, 85]. At NLO Uba(µew,Λ)
depends on the renormalization scheme used for the evaluation of two-loop ADMs.
• In order to cancel the renormalization scheme and scale dependences in Ca(Λ) around
the Λ scale the matching between a given NP model (UV completion) and SMEFT
has to include tree- and one-loop corrections. The Ca(Λ) carry then dependence on
the fundamental parameters of the NP model.
9We use here “flavour” as synonymous to “generation” of fermions.
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• The RG evolution of the dimension-four couplings has to be performed in the pres-
ence of nonvanishing Ca(Λ).
In particular the RG evolution will reintroduce flavour off-diagonal entries in the mass
terms at µew, which can be undone in principle with an additional back-rotation [25] to
the down- or up-basis at µew. We will return soon to this issue.
Subsequently, the SMEFT is matched on the LEFT when decoupling the heavy W
and Z bosons, the Higgs boson and the top-quark. In this matching the LEFT Wilson
coefficients Cd(µew) are determined in terms of the SMEFT Wilson coefficients Cb(µew)
at the electroweak scale. The L(4)SM part is responsible for the known SM expressions
of the LEFT Wilson coefficients, for which often higher order QCD and partially also
EW radiative corrections are known. The effects of NP parameterized by the higher-
dimensional operators in the matching is known nowadays at tree-level [13] and at one-
loop level [14].10 As mentioned before, this is done in the broken phase in terms of
mass eigenstates of the Higgs and gauge bosons and also fermions. In the literature the
matching is done in terms of SMEFT Wilson coefficients in either down- or up-basis at
µew, in particular the one-loop results [14] are given for the up-basis. The transformation
of the SMEFT Wilson coefficients between down- and up-basis is governed entirely by
the quark-mixing matrix (CKM matrix) at µew [81]. As can be seen, the back-rotation
at µew to either the down- or the up-basis is required to make use of these matching
results. The phenomenological impact of the back-rotation on B-physics observables,
including Bs,d − B¯s,d mixing, has been discussed in [25]. The matching equation for the
BSM contribution to a LEFT Wilson coefficient is11
Cd(µew) =
∑
b∈B
M
(0)
db (µew) Cb(µew) +
∑
c∈C
M
(1)
dc (µew) Cc(µew) + . . . , (22)
where M (0)(µew) and M
(1)(µew) denote the tree-level and one-loop threshold corrections
between SMEFT and LEFT, see [13] and [14] respectively. The following comments are
in order:
• The combination of (21) with (22) expresses the LEFT coefficients in terms of the
SMEFT coefficients at the NP scale Λ. Note that the second term in (22) is a
NLO correction, which requires in principle to include in the RG solution (21) the
two-loop ADMs, which are not fully available yet.
• The one-loop threshold corrections M (1)dc (µew) depend on logarithms ln(mi/µew)
with i = W,Z, t, h that cancel µew dependences present in the tree-level term
M
(0)
db (µew)Uba(µew,Λ) Ca(Λ), and replacing them by large logarithms ln(mi/Λ), which
are resummed in Uba(mi,Λ).
• In particular all scheme dependences related to the top-Yukawa coupling cancel up
to neglected higher order effects. This is the case because the top quark is integrated
out at µew and therefore the cancellation has to happen at this scale.
10Numerous partial results have been known in the literature before.
11We have reserved the index “a” for SMEFT coefficients at Λ so that we use in this section the index
“d” for LEFT coefficients.
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• In the case of ∆F = 2 Wilson coefficients Cd(µew), its dependence on the QCD
renormalization scheme and µew, given by M
(1)
dc (µew), cancels the one present in
P ijd (µew) of the LEFT master formula (15).
• It is well understood that the set of operators C contains all operators that mix
at one-loop into set B to guarantee the aforementioned renormalization scheme
independence. However, set C can contain in principle additional operators that do
not mix into set B.
Based on these preliminaries, we explain in the following the extension of the LEFT
master formula (15) of [M ij12
]
BSM
to the one of SMEFT
2
[
M ij12
]
BSM
= (∆Mij)exp
∑
a
P ija (Λ)
[Ca]ij(Λ) = (∆Mij)exp∑
a
P ija (Λ)
[
ca
]
ij
(Λ)
Λ2
(23)
in terms of all relevant SMEFT Wilson coefficients at the NP scale Λ of the operators
collected in Table 4. Here the P ija (Λ) generalize the P
ij
a (µew) of (15) by including effects
in (21) and (22). Now the sum over a has to be taken over SMEFT Wilson coefficients
at the scale Λ. For later convenience we introduce also dimensionless Wilson coefficients[
ca
]
ij
(Λ). To begin with we will use approximate solutions of the RG evolution to explain
the most important contributions for ∆F = 2 processes in SMEFT. The actual calculation
of the P ija (Λ) is based on all known results and has to be done numerically, as explained
in more detail in Section 3.3. As an example we will present the “SMEFT ATLAS” of
[M ij12
]
BSM
for the specific scale Λ = 5 TeV in Section 3.4. The case of Λ = 100 TeV is
presented in Appendix A.
3.2 ∆F = 2 Processes in SMEFT
The most important Wilson coefficients of SMEFT operators that enter (22) for ∆F = 2
processes are
B =
{C(1)qq , C(3)qq , C(1)qa , C(8)qa , Caa} , (24)
in the down (a = d) and up (a = u) sector, respectively [81].
At tree-level for Bs,d − B¯s,d and K0 − K¯0 mixing one finds the following matching
conditions at µew in the down-basis
[CV,LLdd ]ijij = −
[C(1)qq ]ijij − [C(3)qq ]ijij , [CV 1,LRdd ]ijij = −[C(1)qd ]ijij ,
[CV,RRdd ]ijij = −
[Cdd]ijij , [CV 8,RRdd ]ijij = −[C(8)qd ]ijij , (25)
and for D0 − D¯0 mixing in the up-basis
[CV,LLuu ]ijij = −[Cˆ(1)qq ]ijij − [Cˆ(3)qq ]ijij , [CV 1,LRuu ]ijij = −[Cˆ(1)qu ]ijij ,
[CV,RRuu ]ijij = −[Cˆuu]ijij , [CV 8,RRuu ]ijij = −[Cˆ(8)qu ]ijij .
(26)
Here we have chosen the JMS basis in the LEFT.12
12Note that we use the Hamiltonian for LEFT to define Wilson coefficients contrary to [13, 14], who
use the Lagrangian, in consequence minus signs are present in the matching conditions.
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(LL)(LL) (RR)(RR) (LL)(RR)
O(1)qq (q¯pγµqr)(q¯sγµqt) Ouu (u¯pγµur)(u¯sγµut) Olu (¯`pγµ`r)(u¯sγµut)
O(3)qq (q¯pγµτ Iqr)(q¯sγµτ Iqt) Odd (d¯pγµdr)(d¯sγµdt) Old (¯`pγµ`r)(d¯sγµdt)
O(1)lq (¯`pγµ`r)(q¯sγµqt) Oeu (e¯pγµer)(u¯sγµut) Oqe (q¯pγµqr)(e¯sγµet)
O(3)lq (¯`pγµτ I`r)(q¯sγµτ Iqt) Oed (e¯pγµer)(d¯sγµdt) O(1)qu (q¯pγµqr)(u¯sγµut)
ψ2Xφ O(1)ud (u¯pγµur)(d¯sγµdt) O(8)qu (q¯pγµTAqr)(u¯sγµTAut)
OuW (q¯pσµνur)τ I φ˜W Iµν O(8)ud (u¯pγµTAur)(d¯sγµTAdt) O(1)qd (q¯pγµqr)(d¯sγµdt)
O(8)qd (q¯pγµTAqr)(d¯sγµTAdt)
(LR)(RL) and (LR)(LR) ψ2φ2D
Oledq (¯`jper)(d¯sqjt ) O(1)φq (φ†i
←→Dµφ)(q¯pγµqr)
O(1)quqd (q¯jpur)jk(q¯ksdt) O(3)φq (φ†i
←→D Iµ φ)(q¯pτ Iγµqr)
O(8)quqd (q¯jpTAur)jk(q¯ksTAdt) Oφu (φ†i
←→Dµφ)(u¯pγµur)
O(1)lequ (¯`jper)jk(q¯ksut) Oφd (φ†i
←→Dµφ)(d¯pγµdr)
O(3)lequ (¯`jpσµνer)jk(q¯ksσµνut) Oφud (φ˜†iDµφ)(u¯pγµdr)
Table 4: The SMEFT operators entering the master formulae.
The transformations of the SMEFT Wilson coefficients from the down to the up basis
is governed by elements of the CKM matrix [81] as follows
[Cˆ(1,3)qq ]ijij =
∑
prst
VipV
∗
jrVisV
∗
jt
[C(1,3)qq ]prst , (27)
[Cˆ(1,8)qa ]ijij =
∑
pr
VipV
∗
jr
[C(1,8)qa ]prij , (a = u, d). (28)
The SMEFT four-quark operators in (25) and (26) form the operator set B of the first
term in (22) at µew. All these operators undergo self-mixing,
13 under gauge-interactions
and also Yukawa interactions. Consequently, they remain the coefficients with largest
P ija (Λ) also at Λ. Whether large Wilson coefficients are generated for these operators is
then a matter of the flavour structures in the considered UV completion and whether
tree-level or loop mediation occurs.
The RG evolution (21) however will also introduce via mixing all Wilson coefficients
that mix into set B, which we call set B′ ⊂ C in the following. Their numerical impact is
loop-suppressed and depends on the size of the ADMs γba, but a large logarithm ln(µew/Λ)
appears as in the self-mixing of set B. This can be illustrated with the approximate
13A strict use of the term “self-mixing” implies that the flavour structure of the ∆F = 2 Wilson
coefficient is conserved to be
[Cb]ijij .
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solution of (21)
Cb(µew) ≈
∑
a
[δba + γba L] Ca(Λ), L ≡
1
(4pi)2
ln
(µew
Λ
)
, (29)
when retaining only the first leading logarithm L.
The most sizeable ADMs from Yukawa-mixing is due to the top-Yukawa coupling
yt ≈ 1. The contributions γba ∝ yt for down-type mixing in (29) (in the down-basis)
are [C(1)qq ]ijij(µew) = [C(1)qq ]ijij + y2t [λikt [C(1)qq ]kjij + λkjt [C(1)qq ]ikij
− λijt
([C(1)qu ]ij33 + 112[C(8)qu ]ij33 − [C(1)φq ]ij)
]
L , (30)
[C(3)qq ]ijij(µew) = [C(3)qq ]ijij + y2t [λikt [C(3)qq ]kjij + λkjt [C(3)qq ]ikij
− λijt
(1
4
[C(8)qu ]ij33 + [C(3)φq ]ij)]L , (31)
[C(1)qd ]ijij(µew) = [C(1)qd ]ijij + y2t [λikt2 [C(1)qd ]kjij + λkjt2 [C(1)qd ]ikij
− λijt
([C(1)ud ]33ij − [Cφd]ij)]L , (32)
[C(8)qd ]ijij(µew) = [C(8)qd ]ijij + y2t [λikt2 [C(8)qd ]kjij + λkjt2 [C(8)qd ]ikij − λijt [C(8)ud ]33ij
]
L , (33)
where a summation over k is implied. We have suppressed the argument of the NP scale
Λ in the Wilson coefficients on the r.h.s to simplify the notation. Note that the up-type
Yukawa matrix in the down-basis is given by14
Y U =
√
2
v
V †CKMm
diag
U . (34)
The flavour-mixing of the Yukawa couplings is seen by the presence of CKM elements
λijt . Although at first sight numerically suppressed, other than top-Yukawa mixings can
be phenomenologically important, depending on the UV completion and also on the SM
suppression factors for the observable under consideration.
Concerning the gauge sector, indeed the most sizeable ADMs are those due to the
strong coupling 4piαs = g
2
s ≈ 1.4 and less sizeable due to SU(2)L × U(1)Y , however this
14For illustration we neglect here the dimension-six terms to the mass matrix, but take them into
account in our numerics.
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yt, αs, weak (Flavor Independent)
(ijij)
(ijij)(ij)
µ = Λ O(1)φq O(3)φq Oφd O(1)qq O(3)qq O(1)qd O(8)qd Odd
µ = µew O
(1)
qq O(3)qq O(1)qd O(8)qd Odd
1
yt (Flavor Dependent)
(ijij) (ijij)
(kjij)
(ikij)
(ij33) (33ij)(ikij)
(kjij)
µ = Λ
O(1)qq O(3)qq O(1)qu O(8)qu O(1)qd O(8)qd O(1)ud O(8)ud
µ = µew
O(1)qq O(3)qq O(1)qd O(8)qd
1
Figure 2: Mixing of operators relevant for ∆F = 2 observables for the K0− K¯0 and Bs,d− B¯s,d
mixing in the Warsaw down-basis. The red, green and black lines indicate the mixing due
to strong, electroweak and top-Yukawa couplings, respectively. The self-mixing is shown by a
dashed black line. Here k = 1, 2, 3. For the up-basis the mixing due to top-Yukawa, i.e. all
black lines disappear.
mixing is flavour-diagonal. The most important evolution due to gauge couplings are
[C(1)qq ]ijij(µew) = [C(1)qq ]ijij + [(g′23 + g2s
)[C(1)qq ]ijij + 9 (g2 + g2s) [C(3)qq ]ijij]L , (35)
[C(3)qq ]ijij(µew) = [C(3)qq ]ijij + [(g′23 − 6g2 − 5g2s
)[C(3)qq ]ijij + 3 (g2 + g2s) [C(1)qq ]ijij]L , (36)
[C(1)qd ]ijij(µew) = [C(1)qd ]ijij + 23
[
g′2
[C(1)qd ]ijij − 4g2s[C(8)qd ]ijij]L , (37)
[C(8)qd ]ijij(µew) = [C(8)qd ]ijij + [(23g′2 − 14g2s
)[C(8)qd ]ijij − 12g2s[C(1)qd ]ijij]L , (38)
[Cdd]ijij(µew) = (1 + 4 [g′23 + g2s
]
L
)[Cdd]ijij . (39)
In the up-basis, where the up-type Yukawa matrix Y U =
√
2mdiagU /v is diagonal,
all flavour-changing mixing terms in (30)–(33) disappear, whereas mixing due to gauge
couplings shown in (35)–(39) remains unaltered.
From the above equations one sees that the operator set B′ for down-type mixing
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yt, αs, weak (Flavor Independent: up-sector)
(1212)
(1212)(12)
µ = Λ O(1)φq O(3)φq Oφu O(1)qq O(3)qq O(1)qu O(8)qu Ouu
µ = µew O
(1)
qq O(3)qq O(1)qu O(8)qu Ouu
1
yt (Flavor Dependent: up-sector)
(1212) (1212)
(1k12)
(k212)
(1233) (1233) (1332)(12k2)
(121k)
µ = Λ
O(1)qq O(3)qq O(1)qu O(8)qu O(1)qu O(8)qu Ouu Ouu
µ = µew
O(1)qq O(3)qq O(1)qu O(8)qu
1
Figure 3: Mixing of operators relevant for ∆F = 2 observables forD0−D¯0-mixing in the Warsaw
down-basis. The red, green and black lines indicate the mixing due to strong, electroweak and
top-Yukawa couplings, respectively. Here k = 1, 2, 3. The self-mixing is shown by a dashed black
line. For the up-basis the mixing due to top-Yukawa, i.e. all black lines disappear.
contains at least the following operators{
C(1)qu , C(8)qu , C(1)ud , C(8)ud , C(1)φq , C(3)φq , Cφd
}
. (40)
They are additional four-quark operators and modified Z- and W -couplings of quarks
parameterized by the ψ2φ2D operators O(1,3)φq and Oφd. The RG running of SMEFT
Wilson coefficients from the NP scale down to the EW scale contributing to K0− K¯0 and
Bs,d − B¯s,d mixing in the down-basis is displayed in Figure 2 and for D0 − D¯0 mixing in
the down-basis in Figure 3. The following clarifying comments are in order:
• At the scale Λ operators are listed that contribute to ∆F = 2 operators at µew
either directly or through operator mixing in the RG evolution. In case the former
operators are absent at Λ but are generated at µew solely via RG evolution they are
placed on a lighter background than the original operators.
• The distinction between strong, weak and Yukawa interactions is made with the
help of colours as described in the figure caption.
• We split the operator mixing into two parts (a) referred as flavour independent in
which the flavour structure of the Wilson coefficients at Λ remains intact at µew and
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(b) the flavour dependent part in which the original flavour structure is modified due
to RG running. Specifically, the operator mixing due to gauge couplings is flavour
independent whereas the Yukawa couplings give rise to both, flavour-dependent and
flavour-independent mixing. These are shown in the upper and lower panels of
Figure 2 for K0 − K¯0 and Bs,d − B¯s,d mixing. For D0 − D¯0 the operator mixing is
shown in Figure 3, which is flavour independent.
In the numerical evaluation we include all Yukawa mixings, which lead to additional
operators in set B′ than we listed in (40).
So far we have discussed the effects of operator mixing in the RG evolution. But
as already mentioned above, the set C in the second term of (22) can contain further
operators. Indeed the only one is the up-type dipole operator OuW , such that
C = B′ + {CuW} . (41)
Its Wilson coefficient at µew contributes via M
(1)
dc (µew) in (22) and as such it is one-loop
suppressed. Despite being formally a NLO correction, the absence of mixing into set B
guarantees scheme-independence and allows actually to include this correction without
full knowledge of two-loop ADMs.
The complete set of one-loop SMEFT threshold corrections M
(1)
dc (µew) has been cal-
culated in [14], but is provided there only in electronic form. We have extracted those
relevant for ∆F = 2 processes and collected them in Appendix D. With the help of
these results in (200)–(202), one can verify the cancellation of the µew dependence with
the corresponding dependences in (30)–(32). This can be seen explicitly by making the
replacement y2t = 2pixt α/s
2
W .
3.3 Derivation of the SMEFT Master Formula
In the previous section we provided an approximate analytic insight into the one-loop RG
evolution relevant for ∆F = 2 processes, with some details on the cancellation of scale
dependences. It also showed that Yukawa couplings are responsible for a complex flavour-
mixing. As also mentioned before, the complete solution of the RG has to be performed
numerically in order to determine the P ija (Λ) in (23). Here we provide the details of their
determination before we go to an explicit example with Λ = 5 TeV in the next section.
We first calculate
[
M ij12
]
BSM
and determine then the coefficients P ija (Λ) via (23) with
the following steps:
• From the high scale Λ down to µew, the full one-loop RG equations [80, 82, 83] are
taken into account, using the package wilson [86]. As a result of operator mixing
several secondary WCs are generated at µew through operator mixing as depicted
in the RG charts of Figure 2, and 3.
• At µew the full one-loop matching onto the LEFT Wilson coefficients (8) is consid-
ered. Here we have used the results from [14], which are implemented in wilson. The
back-rotation [25] is taken into account automatically at µew when using wilson.
3 SMEFT Anatomy of ∆F = 2 Processes 23
• In the next step the complete LO [87,88] and NLO QCD [32] running of the LEFT
Wilson coefficients down to lower scales µhad is taken into account following Sec-
tion 2.4.
• Finally, at the low scale µhad the LEFT Wilson coefficients are combined with the
hadronic matrix elements given in Table 2 to calculate
[
M ij12
]
BSM
.
Note that, apart from the set B′ defined in (40), the following SMEFT Wilson coefficients
can contribute to ∆F = 2 observables at one-loop
four-quark :
[C(1)quqd], [C(8)quqd]; (42)
semileptonic :
[C(1)lq ], [C(3)lq ], [Cld], [Cqe], [Cledq], [C(1)lequ], [C(3)lequ]. (43)
In the process of obtaining the P ija factors at the electroweak scale, the dimension-four
parameters are needed at the NP scale Λ for the RG evolution of the Wilson coefficients.
They are obtained through an iterative process explained in [24], where we assume no NP
contributions to the CKM parameters stemming from four-quark operators. In particular
as input serve tree-level determinations of |Vus|, |Vub| and |Vcb| from semi-leptonic processes
and the determination of the CKM angle γ from hadronic tree-level decays [86].
3.4 SMEFT ATLAS at Λ = 5 TeV
As a numerical example we present here the SMEFT ATLAS at the scale Λ = 5 TeV.
It consists of the master formulae for the contributions of individual operators to the
sum in (23) given in terms of dimensionless Wilson coefficients ca introduced in (23).
The numerical coefficients in these formulae are just the central values of the coefficients
P ija (Λ) divided by Λ
2 with Λ = 5 TeV.
The numerical values in the master formulae of this section have been evaluated at
Λ = 5 TeV. Corresponding results for Λ = 100 TeV are given in Appendix A. While some
visible changes are present in the left-right operators they are fully subdominant relative
to the change of Λ, which amounts to the suppression of BSM contributions by a factor
of 400 relative to the Λ = 5 TeV case considered here.
Before describing this Λ = 5 TeV SMEFT ATLAS in more detail let us make the
following observations on the general pattern of these coefficients
• In contrast to the analogous coefficients entering (15) that were real valued, the
ones in (23) are complex quantities. The phases in these formulae originate from
the complex CKM factors λijt in the RG equations (30)–(33) and from one-loop
matching as seen in the formulae in Appendix D. They are often represented by
the phase (−β) of the CKM element Vtd. Its presence is signaled by the values of
the phases in the ballpark of ±22◦ or ±44◦ often shifted by the small phase of Vts.
But in non-leading contributions also other phases are present. They result from
the interplay of the complex values of CKM elements. We do not include in the
numerical coefficients phases smaller than three degrees to simplify the formulae.
• The by far largest coefficients are the ones with indices (1212), (1313) and (2323)
for K0, Bd and Bs systems, respectively, in particular for the coefficients
[C(1,8)qd ]1212,
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but also
[C(1,8)qd ]1313 and [C(1,8)qd ]2323. Also for charm (1212) dominates. Yet, in par-
ticular in the up-basis among the contributions with smaller numerical coefficients
multiplying ca there are several with repeated indices signalizing flavour conserving
contributions. These are often weaker constrained by ∆F = 1 observables than the
flavour violating ones so that larger size of the corresponding ca relative to the ones
with larger P ija (Λ) factors could enhance their importance. We will return to this
phenomenon in Section 4 in the context of simplified models.
• Yet, when comparing different meson systems there is a large hierarchy in the values
of the largest coefficients, which results not only from chiral enhancement of hadronic
matrix elements of left-right operators in the K0 meson system, but also from a large
hierarchy in the normalization factors (∆Mij)exp. Consequently, while for K
0 − K¯0
mixing the largest P 12a are O (108), for Bd − B¯d mixing the largest P 13a are O (106)
and for Bs − B¯s mixing the largest P 23a is in the ballpark of O (105). This clearly
confirms the known fact that K0 − K¯0 mixing can probe much larger energy scales
than Bd − B¯d or Bs − B¯s mixing. The largest P 12a for D0 − D¯0 mixing is O (108)
and can probe very short distance scales. We will quantify this in Section 3.5.
• While at first sight the [CφX]ij coefficients with X = q, d, u would appear irrelevant
when compared with C(1,8)qd , in models in which the latter are not generated at the
high scale, they can play a dominant role. This is in particular the case of vector-like
quark models [89].
• The P ija (Λ) for semileptonic operators are much smaller than those of nonleptonic
ones, implying that the corresponding WCs are much weaker constrained, if at all,
by ∆F = 2 transitions.
After these general statements on the SMEFT ATLAS let us look at it a bit closer.
Below we retain only those contributions to the sum in (23), which amount to at least 5%
of (∆Mij)exp when setting ca = 10. The 5% cut is in the ballpark of the uncertainties of
the hadronic matrix elements in Table 2 that enter the prediction of
[
M ij12
]
BSM
linearly.
The choice of a maximal value ca = 10 is close to the generic value of 4pi, which one would
still consider a magnitude that allows perturbative expansions in couplings. We show
only results for the three down-type meson systems K0, Bd and Bs, whereas the results
for D0 can be found in the ancillary files to the arXiv submission of this article, together
with non-vanishing P ija (Λ) that yield numerically subleading contributions below 5% to
the down-type meson systems.
3.4.1 C(1)qq and C(3)qq
Before presenting the master formulae for the contributions of
[C(1,3)qq ]ijkl to various meson
systems in the down and up bases let us already make general statements on them on the
basis of the size of numerical coefficients multiplying WCs.
• In the down basis constraints from D0− D¯0 mixing dominate for many entries, but
K0 − K¯0 mixing provides a very important constraint for [C(1,3)qq ]1212. In view of
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potential poorly known long distance effects in the former it appears that presently
it is plausible to put the constraint on
[C(1,3)qq ]1212 mainly from K0 − K¯0 mixing.
• In the up basis constraints from K0 − K¯0 mixing dominate for many entries but
D0− D¯0 mixing could still play the role for [Cˆ(1,3)qq ]1212 if long-distance contributions
were under better control.
• The entries 1313 and 2323 are at first sight in both down and up bases dominantly
constrained by Bd − B¯d and Bs − B¯s mixing, respectively.
• However, as already mentioned above, it should also be noticed that beyond the
leading ∆F = 2 entries 1212, 1313, 2323, the ∆F = 1 entries in particular in the
up-basis could play a role dependently on the size of WCs in a given model. Indeed,
in the up-basis strong correlations between ∆F = 2 and ∆F = 1 should be expected.
This will be the case if in a given NP scenario also flavour-conserving couplings can
contribute through RG effects to ∆F = 2 transitions.
• There is a tendency of correlated constraints from K0− K¯0 and D0− D¯0 mixing on
one hand and Bd− B¯d and Bs− B¯s mixings on the other hand. This is for instance
the case of 1212 for K0 − K¯0 and D0 − D¯0 mixings in both bases and of 1323 for
Bd − B¯d and Bs − B¯s mixings in the up basis. Even if the coefficient for 1323 in
Bd− B¯d mixing is much larger than in Bs− B¯s mixing, their relative importance to
the leading terms in these mixings is similar.
• The results for [C(3)qq ]ijkl are practically equal to the ones for [C(1)qq ]ijkl for the domi-
nant terms and the differences are only in subleading terms. Therefore we present
only the terms which have different numerical coefficients, although it should be
kept in mind that the WCs entering here are
[C(3)qq ]ijkl and not [C(1)qq ]ijkl. They could
differ in specific NP scenarios.
This pattern is summarized by the following rather accurate formulae for the sum
in (23) in the down-basis
ΣBsqq1 = −3.9·102
[
c(1)qq
]
2323
− 5.4·10−1[c(1)qq ]2333
+ 3.1·10−1[c(1)qq ]2223 − 6.8·10−2ei22◦[c(1)qq ]1232 , (44)
ΣBdqq1 = −9.1·103
[
c(1)qq
]
1313
+ 7.2
[
c(1)qq
]
1213
+ 2.7ei22
◦[
c(1)qq
]
1333
− 1.6ei22◦[c(1)qq ]1113
− 1.2·10−1ei23◦[c(1)qq ]1323 + 2.3·10−2ei21◦[c(1)qq ]1332 + 5.8·10−3ei22◦[c(1)qq ]1223
− 5.7·10−3[c(1)qq ]1212 − 5.1·10−3ei44◦[c(1)qq ]1331 , (45)
ΣKqq1 = −3.6·104
[
c(1)qq
]
1212
− 6.0·101[c(1)qq ]1213 + 1.3·101ei22◦[c(1)qq ]1232
− 5.7·10−1ei23◦[c(1)qq ]1222 + 2.5·10−1ei23◦[c(1)qq ]1112 + 1.2·10−1ei23◦[c(1)qq ]1233
− 1.0·10−1[c(1)qq ]1313 + 2.6·10−2ei23◦[c(1)qq ]1332 − 5.2·10−3ei24◦[c(1)qq ]1223 . (46)
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Before continuing let us explain shortly on the above example the meaning of these re-
sults. Taking the case of Bs − B¯s mixing, the numerical value of ΣBsqq1 corresponds to
its contribution to the ratio 2
[
M ij12
]
BSM
/(∆MBs)exp in (23). This choice of normalization
allows to read off the fraction of the NP contribution to the prediction of ∆MBs compared
to its central experimental value. For illustration, the value ΣBsqq1 = 0.1 is a deviation from
the SM prediction of the size of 10% of the measured experimental value. Since the SM
prediction of Bs − B¯s mixing and the experimental measurement are in close agreement,
this corresponds also to a 10% deviation due to NP from the SM prediction of ∆MBs .
The numerically leading ∆F = 2 contribution ΣBsqq1 ≈ −3.9 · 102
[
c
(1)
qq
]
2323
yields then a
constraint on |[c(1)qq ]2323| . 2.6 · 10−4 for the NP contribution to ∆MBs not to exceed 10%
deviation from the SM prediction. The same arguments apply also to Bd − B¯d mixing,
because the SM prediction is in close agreement with the experimental measurement. The
SM predictions of K0− K¯0 and D0− D¯0 mixing receive in part unknown nonperturbative
contributions and here the fraction refers to the experimentally measured (∆MK,D)exp.
If the numerically leading terms are absent in a UV completion, then the subleading
∆F = 1 terms like ΣBsqq1 ≈ −5.4 · 10−1
[
c
(1)
qq
]
2333
would be subject to a much weaker
constraint |[c(1)qq ]2333| . 1.9 · 10−1. Complicated interference between the numerically
leading ∆F = 2 term and the subleading ∆F = 1 terms will arise in UV completions
that admit all contributions. Thus there can be strong correlations to ∆F = 1 processes,
depending on the suppression factors in the SM predictions of the ∆F = 1 observables.
Then it remains to be seen whether ∆F = 1 observables will impose stronger constraints.
The result for the up-basis reads
ΣˆBsqq1 = −3.7·102[cˆ(1)qq ]2323 − 8.5·101[cˆ(1)qq ]1323 − 2.0·101[cˆ(1)qq ]1313 − 1.5·101[cˆ(1)qq ]2223
+ 1.5·101[cˆ(1)qq ]2333 − 3.5[cˆ(1)qq ]1223 − 3.5[cˆ(1)qq ]1322 + 3.5[cˆ(1)qq ]1333 − 1.3e−i73
◦
[cˆ(1)qq ]1232
− 8.2·10−1[cˆ(1)qq ]1213 − 6.4·10−1[cˆ(1)qq ]2222 + 6.3·10−1[cˆ(1)qq ]2233 + 6.3·10−1[cˆ(1)qq ]2332
− 6.3·10−1[cˆ(1)qq ]3333 − 3.0·10−1e−i73
◦
[cˆ(1)qq ]1231 − 3.0·10−1e−i73
◦
[cˆ(1)qq ]1123
− 1.7·10−1e−i18◦ [cˆ(1)qq ]1222 + 1.7·10−1e−i19
◦
[cˆ(1)qq ]1233 + 1.7·10−1e−i19
◦
[cˆ(1)qq ]1332
− 7.0·10−2e−i73◦ [cˆ(1)qq ]1113 − 3.0·10−2e−i5
◦
[cˆ(1)qq ]1212 − 1.3·10−2e−i73
◦
[cˆ(1)qq ]1221
− 1.3·10−2e−i73◦ [cˆ(1)qq ]1122 + 1.2·10−2e−i74
◦
[cˆ(1)qq ]1133 + 1.2·10−2e−i74
◦
[cˆ(1)qq ]1331 , (47)
ΣˆBdqq1 = −8.6·103[cˆ(1)qq ]1313 + 2.0·103[cˆ(1)qq ]1323 − 4.6·102[cˆ(1)qq ]2323 − 3.6·102[cˆ(1)qq ]1213
+ 8.2·101[cˆ(1)qq ]1223 + 8.2·101[cˆ(1)qq ]1322 − 7.8·101ei22
◦
[cˆ(1)qq ]1333
− 3.1·101e−i73◦ [cˆ(1)qq ]1113 − 1.9·101[cˆ(1)qq ]2223 + 1.8·101ei22
◦
[cˆ(1)qq ]2333 − 1.5·101[cˆ(1)qq ]1212
+ 7.0e−i73
◦
[cˆ(1)qq ]1231 + 7.0e
−i73◦ [cˆ(1)qq ]1123 + 3.4[cˆ
(1)
qq ]1222 − 3.2ei23
◦
[cˆ(1)qq ]1233
− 3.2ei23◦ [cˆ(1)qq ]1332 − 1.6e−i68
◦
[cˆ(1)qq ]1232 − 1.3e−i72
◦
[cˆ(1)qq ]1112 − 7.8·10−1[cˆ(1)qq ]2222
+ 7.4·10−1ei22◦ [cˆ(1)qq ]2233 + 7.3·10−1ei22
◦
[cˆ(1)qq ]2332 − 7.0·10−1ei44
◦
[cˆ(1)qq ]3333
3 SMEFT Anatomy of ∆F = 2 Processes 27
+ 2.9·10−1e−i73◦ [cˆ(1)qq ]1221 + 2.9·10−1e−i73
◦
[cˆ(1)qq ]1122 − 2.8·10−1e−i51
◦
[cˆ(1)qq ]1133
− 2.7·10−1e−i51◦ [cˆ(1)qq ]1331 + 1.1·10−1ei34
◦
[cˆ(1)qq ]1111 , (48)
ΣˆKqq1 = −3.2·104[cˆ(1)qq ]1212 − 7.0·103[cˆ(1)qq ]1112 + 7.0·103[cˆ(1)qq ]1222 − 1.7·103[cˆ(1)qq ]1111
+ 1.7·103[cˆ(1)qq ]1221 + 1.7·103[cˆ(1)qq ]1122 − 1.7·103[cˆ(1)qq ]2222 + 1.3·103[cˆ(1)qq ]1213
+ 2.9·102[cˆ(1)qq ]1113 − 2.9·102[cˆ(1)qq ]1322 − 2.9·102[cˆ(1)qq ]1223 − 2.7·102ei23
◦
[cˆ(1)qq ]1232
− 1.3·102ei11◦ [cˆ(1)qq ]1123 − 1.3·102ei11
◦
[cˆ(1)qq ]1231 + 1.3·102ei11
◦
[cˆ(1)qq ]2223
− 5.3·101[cˆ(1)qq ]1313 + 1.2·101[cˆ(1)qq ]1323 + 1.1·101ei23
◦
[cˆ(1)qq ]1233 + 1.1·101ei23
◦
[cˆ(1)qq ]1332
− 5.0ei22◦ [cˆ(1)qq ]2323 + 2.7ei23
◦
[cˆ(1)qq ]1133 − 2.7ei23
◦
[cˆ(1)qq ]2233 + 2.7e
i23◦ [cˆ(1)qq ]1331
− 2.7ei23◦ [cˆ(1)qq ]2332 − 4.6·10−1ei23
◦
[cˆ(1)qq ]1333 + 2.1·10−1ei34
◦
[cˆ(1)qq ]2333 . (49)
For C(3)qq one finds:
ΣBsqq3 = Σ
Bs
qq1|1→3 − 8.3·10−3
[
c(3)qq
]
2233
− 6.4·10−3[c(3)qq ]1123 , (50)
ΣBdqq3 = Σ
Bd
qq1|1→3 + 4.3·10−2ei21
◦[
c(3)qq
]
1233
− 4.1·10−2ei21◦[c(3)qq ]1332 + 3.3·10−2ei22◦[c(3)qq ]1322
− 9.2·10−3ei44◦[c(3)qq ]1133 − 5.8·10−3ei22◦[c(3)qq ]1223 + 5.1·10−3ei44◦[c(3)qq ]1331 , (51)
ΣKqq3 = Σ
K
qq1|1→3 − 0.5·10−1ei23
◦[
c(3)qq
]
1332
+ 8.7·10−2ei23◦[c(3)qq ]1233
− 8.7·10−3ei24◦[c(3)qq ]1322 + 5.2·10−3ei24◦[c(3)qq ]1223 , (52)
and in the up-basis
ΣˆBsqq3 = Σˆ
Bs
qq1|1→3 , ΣˆBdqq3 = ΣˆBdqq1|1→3 , ΣˆKqq3 = ΣˆKqq1|1→3 . (53)
3.4.2 C(1)qd and C(8)qd
We next present the results for
[C(1)qd ]ijkl and [C(8)qd ]ijkl in the down and up bases. Evidently
these coefficients provide very strong constraints for ∆F = 2 processes. We observe
• The K0 − K¯0 mixing is most constraining except for 1313 and 2323 elements for
which constraints from Bd − B¯d and Bs − B¯s mixing dominate. Yet, inspection of
the formulae below shows that contributions from other WCs with different indices
could also play a role in some UV completions.
• In certain cases there is a large difference between down and up bases.
• The results for [C(1)qd ]ijkl and [C(8)qd ]ijkl are similar.
• Constraints from D0 − D¯0 mixing are irrelevant for both bases.
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This pattern can be summarized by the following rather accurate formulae for the sum
in (23) in the down-basis
ΣBsqd1 = 2.3·103
[
c
(1)
qd
]
2323
+ 3.3
[
c
(1)
qd
]
3323
− 1.8[c(1)qd ]2223 + 4.0·10−1ei22◦[c(1)qd ]1232
− 1.1·10−1[c(1)qd ]2322 + 1.1·10−1[c(1)qd ]2333 + 2.5·10−2[c(1)qd ]2332
− 2.3·10−2e−i23◦[c(1)qd ]1323 − 5.5·10−3ei21◦[c(1)qd ]1332 , (54)
ΣBdqd1 = 5.7·104
[
c
(1)
qd
]
1313
− 4.5·101[c(1)qd ]1213 − 1.8·101ei22◦[c(1)qd ]3313
+ 9.8ei22
◦[
c
(1)
qd
]
1113
− 2.8[c(1)qd ]1312 + 7.6·10−1ei23◦[c(1)qd ]2313
− 1.4·10−1ei21◦[c(1)qd ]2331 + 6.5·10−2ei23◦[c(1)qd ]1323 − 3.1·10−2ei21◦[c(1)qd ]1333
+ 3.1·10−2ei21◦[c(1)qd ]1311 + 3.0·10−2ei44◦[c(1)qd ]1331 + 7.2·10−3ei22◦[c(1)qd ]2213 , (55)
ΣKqd1 = 5.3·106
[
c
(1)
qd
]
1212
+ 9.0·103[c(1)qd ]1312 − 2.0·103ei22◦[c(1)qd ]2321 + 2.6·102[c(1)qd ]1213
+ 8.1·101ei24◦[c(1)qd ]2212 − 3.4·101ei26◦[c(1)qd ]1112 − 1.7·101ei23◦[c(1)qd ]3312
− 2.8ei22◦[c(1)qd ]1232 − 2.5ei66◦[c(1)qd ]1211 + 2.5ei66◦[c(1)qd ]1222 + 7.2·10−1ei24◦[c(1)qd ]2312
+ 4.4·10−1[c(1)qd ]1313 − 1.1·10−1ei45◦[c(1)qd ]1321 − 9.6·10−2ei23◦[c(1)qd ]2331
+ 1.0·10−2ei24◦[c(1)qd ]1322 − 1.0·10−2ei24◦[c(1)qd ]1311 , (56)
and
ΣBsqd8 = 2.7·103
[
c
(8)
qd
]
2323
+ 3.8
[
c
(8)
qd
]
3323
− 2.1[c(8)qd ]2223 + 4.7·10−1ei22◦[c(8)qd ]1232
− 1.3·10−1[c(8)qd ]2322 + 1.3·10−1[c(8)qd ]2333 + 2.7·10−2[c(8)qd ]2332
− 2.6·10−2e−i23◦[c(8)qd ]1323 − 5.8·10−3ei21◦[c(8)qd ]1332 , (57)
ΣBdqd8 = 6.6·104
[
c
(8)
qd
]
1313
− 5.2·101[c(8)qd ]1213 − 2.1·101ei22◦[c(8)qd ]3313
+ 1.1·101ei22◦[c(8)qd ]1113 − 3.2[c(8)qd ]1312 + 8.9·10−1ei23◦[c(8)qd ]2313
− 1.4·10−1ei21◦[c(8)qd ]2331 + 7.5·10−2ei23◦[c(8)qd ]1323 + 3.6·10−2ei21◦[c(8)qd ]1311
− 3.5·10−2ei21◦[c(8)qd ]1333 + 3.1·10−2ei44◦[c(8)qd ]1331 + 1.8·10−2ei22◦[c(8)qd ]2213 , (58)
ΣKqd8 = 7.5·106
[
c
(8)
qd
]
1212
+ 1.3·104[c(8)qd ]1312 − 2.8·103ei22◦[c(8)qd ]2321 + 3.7·102[c(8)qd ]1213
+ 1.1·102ei24◦[c(8)qd ]2212 − 4.7·101ei27◦[c(8)qd ]1112 − 2.3·101ei23◦[c(8)qd ]3312
− 4.0ei22◦[c(8)qd ]1232 − 3.4e−i79◦[c(8)qd ]1222 + 3.4e−i79◦[c(8)qd ]1211
+ 9.7·10−1ei24◦[c(8)qd ]2312 + 6.3·10−1[c(8)qd ]1313 − 1.5·10−1ei45◦[c(8)qd ]1321
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− 1.4·10−1ei23◦[c(8)qd ]2331 + 1.5·10−2ei24◦[c(8)qd ]1322 − 1.4·10−2ei24◦[c(8)qd ]1311
− 6.7·10−3ei23◦[c(8)qd ]1332 + 6.3·10−3ei46◦[c(8)qd ]1221 + 6.2·10−3ei23◦[c(8)qd ]2213 , (59)
For the up-basis we have
ΣˆBsqd1 = 2.3·103[cˆ(1)qd ]2323 + 5.2·102[cˆ(1)qd ]1323 + 9.3·101[cˆ(1)qd ]2223 − 9.3·101[cˆ(1)qd ]3323
+ 2.2·101[cˆ(1)qd ]1223 + 8.0e−i73
◦
[cˆ
(1)
qd ]1232 − 3.8[cˆ(1)qd ]2332 + 1.8e−i73
◦
[cˆ
(1)
qd ]1123
− 3.3·10−1e−i74◦ [cˆ(1)qd ]1332 − 1.1·10−1[cˆ(1)qd ]2322 + 1.1·10−1[cˆ(1)qd ]2333
− 2.5·10−2[cˆ(1)qd ]1322 + 2.5·10−2[cˆ(1)qd ]1333 − 5.4·10−3e−i11
◦
[cˆ
(1)
qd ]2313 , (60)
ΣˆBdqd1 = 5.5·104[cˆ(1)qd ]1313 − 1.3·104[cˆ(1)qd ]2313 + 2.3·103[cˆ(1)qd ]1213 − 5.3·102[cˆ(1)qd ]2213
+ 5.0·102ei22◦ [cˆ(1)qd ]3313 + 2.0·102e−i73
◦
[cˆ
(1)
qd ]1113 − 4.5·101e−i73
◦
[cˆ
(1)
qd ]1231
+ 2.0·101ei22◦ [cˆ(1)qd ]2331 − 2.7[cˆ(1)qd ]1312 + 1.8e−i51
◦
[cˆ
(1)
qd ]1331 + 6.2·10−1[cˆ(1)qd ]2312
− 1.1·10−1[cˆ(1)qd ]1212 + 6.3·10−2ei23
◦
[cˆ
(1)
qd ]1323 − 3.0·10−2ei21
◦
[cˆ
(1)
qd ]1333
+ 3.0·10−2ei21◦ [cˆ(1)qd ]1311 + 2.6·10−2[cˆ(1)qd ]2212 − 2.4·10−2ei21
◦
[cˆ
(1)
qd ]3312
− 1.4·10−2ei23◦ [cˆ(1)qd ]2323 − 9.6·10−3e−i74
◦
[cˆ
(1)
qd ]1112 + 6.6·10−3ei22
◦
[cˆ
(1)
qd ]2333
− 6.6·10−3ei22◦ [cˆ(1)qd ]2311 , (61)
ΣˆKqd1 = 5.0·106[cˆ(1)qd ]1212 + 1.2·106[cˆ(1)qd ]1112 − 1.2·106[cˆ(1)qd ]2212 − 2.7·105[cˆ(1)qd ]1221
− 2.0·105[cˆ(1)qd ]1312 + 4.7·104[cˆ(1)qd ]2312 + 4.5·104ei22
◦
[cˆ
(1)
qd ]2321 + 1.0·104ei22
◦
[cˆ
(1)
qd ]1321
− 1.8·103ei23◦ [cˆ(1)qd ]3312 + 2.5·102[cˆ(1)qd ]1213 + 5.6·101[cˆ(1)qd ]1113 − 5.6·101[cˆ(1)qd ]2213
− 1.3·101[cˆ(1)qd ]1231 − 1.0·101[cˆ(1)qd ]1313 − 2.6ei22
◦
[cˆ
(1)
qd ]1232 − 2.5ei57
◦
[cˆ
(1)
qd ]1211
+ 2.5ei57
◦
[cˆ
(1)
qd ]1222 + 2.3[cˆ
(1)
qd ]2313 + 2.2e
i23◦ [cˆ
(1)
qd ]2331 − 1.5ei20
◦
[cˆ
(1)
qd ]2222
+ 1.5ei20
◦
[cˆ
(1)
qd ]2211 + 1.1e
i27◦ [cˆ
(1)
qd ]1122 − 1.1ei27
◦
[cˆ
(1)
qd ]1111 − 6.1·10−1ei22
◦
[cˆ
(1)
qd ]1123
+ 6.0·10−1ei22◦ [cˆ(1)qd ]2223 + 5.0·10−1ei23
◦
[cˆ
(1)
qd ]1331 − 2.3·10−1ei22
◦
[cˆ
(1)
qd ]1322
+ 2.3·10−1ei22◦ [cˆ(1)qd ]1311 + 1.4·10−1ei22
◦
[cˆ
(1)
qd ]1223 + 1.1·10−1ei23
◦
[cˆ
(1)
qd ]1332
+ 1.0·10−1ei34◦ [cˆ(1)qd ]2322 − 1.0·10−1ei34
◦
[cˆ
(1)
qd ]2311 − 9.0·10−2ei24
◦
[cˆ
(1)
qd ]3313
− 2.5·10−2ei23◦ [cˆ(1)qd ]2332 − 2.3·10−2ei44
◦
[cˆ
(1)
qd ]2323 − 5.4·10−3ei44
◦
[cˆ
(1)
qd ]1323 , (62)
and
ΣˆBsqd8 = 2.6·103[cˆ(8)qd ]2323 + 6.0·102[cˆ(8)qd ]1323 + 1.1·102[cˆ(8)qd ]2223 − 1.1·102[cˆ(8)qd ]3323
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+ 2.5·101[cˆ(8)qd ]1223 + 9.3e−i73
◦
[cˆ
(8)
qd ]1232 − 4.4[cˆ(8)qd ]2332 + 2.1e−i73
◦
[cˆ
(8)
qd ]1123
− 3.8·10−1e−i74◦ [cˆ(8)qd ]1332 − 1.3·10−1[cˆ(8)qd ]2322 + 1.3·10−1[cˆ(8)qd ]2333 − 2.9·10−2[cˆ(8)qd ]1322
+ 2.9·10−2[cˆ(8)qd ]1333 − 7.4·10−3e−i10
◦
[cˆ
(8)
qd ]2313 − 6.5·10−3[cˆ(8)qd ]2331
+ 6.0·10−3e−i3◦ [cˆ(8)qd ]3313 − 5.3·10−3[cˆ(8)qd ]2222 + 5.3·10−3[cˆ(8)qd ]2233
+ 5.3·10−3[cˆ(8)qd ]3322 − 5.2·10−3[cˆ(8)qd ]3333 + 5.0·10−3[cˆ(8)qd ]2213 , (63)
ΣˆBdqd8 = 6.4·104[cˆ(8)qd ]1313 − 1.5·104[cˆ(8)qd ]2313 + 2.6·103[cˆ(8)qd ]1213 − 6.1·102[cˆ(8)qd ]2213
+ 5.7·102ei22◦ [cˆ(8)qd ]3313 + 2.3·102e−i73
◦
[cˆ
(8)
qd ]1113 − 5.2·101e−i73
◦
[cˆ
(8)
qd ]1231
+ 2.4·101ei22◦ [cˆ(8)qd ]2331 − 3.1[cˆ(8)qd ]1312 + 2.0e−i51
◦
[cˆ
(8)
qd ]1331 + 7.2·10−1[cˆ(8)qd ]2312
− 1.3·10−1[cˆ(8)qd ]1212 + 7.3·10−2ei23
◦
[cˆ
(8)
qd ]1323 + 3.6·10−2ei21
◦
[cˆ
(8)
qd ]1311
− 3.5·10−2ei21◦ [cˆ(8)qd ]1333 + 3.0·10−2[cˆ(8)qd ]2212 − 2.8·10−2ei21
◦
[cˆ
(8)
qd ]3312
− 1.6·10−2ei23◦ [cˆ(8)qd ]2323 − 1.1·10−2e−i74
◦
[cˆ
(8)
qd ]1112 − 7.8·10−3ei22
◦
[cˆ
(8)
qd ]2311
+ 7.4·10−3ei22◦ [cˆ(8)qd ]2333 , (64)
ΣˆKqd8 = 7.2·106[cˆ(8)qd ]1212 + 1.6·106[cˆ(8)qd ]1112 − 1.6·106[cˆ(8)qd ]2212 − 3.8·105[cˆ(8)qd ]1221
− 2.9·105[cˆ(8)qd ]1312 + 6.7·104[cˆ(8)qd ]2312 + 6.4·104ei22
◦
[cˆ
(8)
qd ]2321 + 1.5·104ei22
◦
[cˆ
(8)
qd ]1321
− 2.6·103ei23◦ [cˆ(8)qd ]3312 + 3.5·102[cˆ(8)qd ]1213 + 8.1·101[cˆ(8)qd ]1113 − 8.0·101[cˆ(8)qd ]2213
− 1.9·101[cˆ(8)qd ]1231 − 1.4·101[cˆ(8)qd ]1313 − 3.8ei22
◦
[cˆ
(8)
qd ]1232 + 3.3[cˆ
(8)
qd ]2313
+ 3.1ei23
◦
[cˆ
(8)
qd ]2331 − 3.0ei87
◦
[cˆ
(8)
qd ]1211 + 3.0e
i87◦ [cˆ
(8)
qd ]1222 − 2.3ei19
◦
[cˆ
(8)
qd ]2222
+ 2.3ei19
◦
[cˆ
(8)
qd ]2211 + 1.5e
i29◦ [cˆ
(8)
qd ]1122 − 1.5ei29
◦
[cˆ
(8)
qd ]1111 − 8.7·10−1ei22
◦
[cˆ
(8)
qd ]1123
+ 8.6·10−1ei22◦ [cˆ(8)qd ]2223 + 7.2·10−1ei23
◦
[cˆ
(8)
qd ]1331 − 3.3·10−1ei22
◦
[cˆ
(8)
qd ]1322
+ 3.3·10−1ei22◦ [cˆ(8)qd ]1311 + 2.0·10−1ei22
◦
[cˆ
(8)
qd ]1223 + 1.5·10−1ei23
◦
[cˆ
(8)
qd ]1332
+ 1.4·10−1ei34◦ [cˆ(8)qd ]2322 − 1.4·10−1ei34
◦
[cˆ
(8)
qd ]2311 − 1.3·10−1ei24
◦
[cˆ
(8)
qd ]3313
− 3.5·10−2ei23◦ [cˆ(8)qd ]2332 − 3.4·10−2ei44
◦
[cˆ
(8)
qd ]2323 − 7.7·10−3ei44
◦
[cˆ
(8)
qd ]1323 . (65)
3.4.3 C(1)qu and C(8)qu
We next present the results for
[C(1)qu ]ijkl and [C(8)qu ]ijkl in the down and up bases. Here
D0− D¯0 mixing dominates the scene, in particular for 1212, but for certain elements like
1313 and 2323 the Bd − B¯d and Bs − B¯s mixings are more important. Interestingly, the
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entries 1233, 1333 and 2333, can be relevant for K0, Bd and Bs, respectively. The index
“3” indicates the top Yukawa at work. Yet, the constraints are much weaker than in
previous cases.
This pattern can be summarized by the following rather accurate formulae for the sum
in (23) in the down-basis
ΣBsqu1 = 2.6·10−1
[
c(1)qu
]
2333
− 3.2·10−2[c(1)qu ]2323 , (66)
ΣBdqu1 = −1.3ei22
◦[
c(1)qu
]
1333
+ 1.7·10−1[c(1)qu ]1323 , (67)
ΣKqu1 = 2.2·10−1ei23
◦[
c(1)qu
]
1233
− 2.8·10−2[c(1)qu ]1223 − 2.6·10−2ei22◦[c(1)qu ]1232 , (68)
and
ΣBsqu8 = 1.1·10−1
[
c(8)qu
]
2333
− 1.4·10−2[c(8)qu ]2323 , (69)
ΣBdqu8 = −5.2·10−1ei22
◦[
c(8)qu
]
1333
+ 7.5·10−2[c(8)qu ]1323 , (70)
ΣKqu8 = 9.2·10−2ei23
◦[
c(8)qu
]
1233
− 1.2·10−2[c(8)qu ]1223 − 1.1·10−2ei22◦[c(8)qu ]1232 . (71)
For the up-basis we have
ΣˆBsqu1 = 2.6·10−1[cˆ(1)qu ]2333 + 5.9·10−2[cˆ(1)qu ]1333 − 3.1·10−2[cˆ(1)qu ]2323
+ 1.1·10−2[cˆ(1)qu ]2233 − 1.0·10−2[cˆ(1)qu ]3333 − 7.2·10−3[cˆ(1)qu ]1323 , (72)
ΣˆBdqu1 = −1.3ei22
◦
[cˆ(1)qu ]1333 + 3.0·10−1ei22
◦
[cˆ(1)qu ]2333 + 1.7·10−1[cˆ(1)qu ]1323
− 5.5·10−2ei23◦ [cˆ(1)qu ]1233 − 3.8·10−2[cˆ(1)qu ]2323 + 1.3·10−2ei22
◦
[cˆ(1)qu ]2233
− 1.1·10−2ei44◦ [cˆ(1)qu ]3333 + 7.1·10−3[cˆ(1)qu ]1223 , (73)
ΣˆKqu1 = 2.0·10−1ei23
◦
[cˆ(1)qu ]1233 + 4.8·10−2ei23
◦
[cˆ(1)qu ]1133 − 4.8·10−2ei23
◦
[cˆ(1)qu ]2233
− 2.5·10−2[cˆ(1)qu ]1223 − 2.4·10−2ei23
◦
[cˆ(1)qu ]1232 − 1.2·10−2ei11
◦
[cˆ(1)qu ]1123
+ 1.2·10−2ei11◦ [cˆ(1)qu ]2223 − 7.7·10−3ei23
◦
[cˆ(1)qu ]1333 , (74)
and
ΣˆBsqu8 = 1.0·10−1[cˆ(8)qu ]2333 + 2.4·10−2[cˆ(8)qu ]1333 − 1.4·10−2[cˆ(8)qu ]2323 , (75)
ΣˆBdqu8 = −5.1·10−1ei22
◦
[cˆ(8)qu ]1333 + 1.2·10−1ei22
◦
[cˆ(8)qu ]2333 + 7.3·10−2[cˆ(8)qu ]1323
− 2.3·10−2ei23◦ [cˆ(8)qu ]1233 − 1.7·10−2[cˆ(8)qu ]2323 + 5.3·10−3ei22
◦
[cˆ(8)qu ]2233 , (76)
ΣˆKqu8 = 8.2·10−2ei23
◦
[cˆ(8)qu ]1233 + 2.0·10−2ei23
◦
[cˆ(8)qu ]1133 − 2.0·10−2ei23
◦
[cˆ(8)qu ]2233
− 1.1·10−2[cˆ(8)qu ]1223 − 1.0·10−2ei23
◦
[cˆ(8)qu ]1232 − 5.0·10−3ei11
◦
[cˆ(8)qu ]1123
+ 5.0·10−3ei11◦ [cˆ(8)qu ]2223 . (77)
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3.4.4 Cdd, Cuu, C(1)ud and C(8)ud
We collect the results for these four operators in one section together, because the corre-
sponding P ija (Λ) are the same in the down and up bases.
In the case of
[Cdd]ijkl large coefficients are only found in 1212, 1313 and 2323 entries
from K0− K¯0, Bd− B¯d and Bs− B¯s mixings, respectively. The corresponding coefficients
in D0 − D¯0 mixing are very small.
On the other hand in the case of
[Cuu]ijkl only constraints from D0 − D¯0 mixing are
relevant. Indeed, as seen in (81) the contributions to down-quark mixings are eliminated
by our constraints.
In the case of
[C(1)ud ]ijkl and [C(8)ud ]ijkl the numerical coefficients are very small, in par-
ticular for charm, implying that ∆F = 2 transitions do not play any role in constraining
these Wilson coefficients. Yet, the entries 3312, 3313 and 3323 for K0− K¯0, Bd− B¯d and
Bs − B¯s mixings, respectively, could play some role in specific models.
This pattern can be summarized by the following rather accurate formulae for the sum
in (23) for both down and up basis
ΣBsdd = −4.1·102
[
cdd
]
2323
− 2.2·10−2[cdd]2333 + 1.9·10−2[cdd]2223 , (78)
ΣBddd = −9.6·103
[
cdd
]
1313
+ 4.7·10−1[cdd]1213 + 1.4·10−2ei22◦[cdd]1333
− 1.1·10−2ei23◦[cdd]1323 + 1.1·10−2ei22◦[cdd]1223 , (79)
ΣKdd = −3.7·104
[
cdd
]
1212
− 1.8[cdd]1213 − 8.2·10−2ei23◦[cdd]1222
− 4.8·10−2ei22◦[cdd]1332 + 1.9·10−2ei22◦[cdd]1232 + 5.5·10−3ei22◦[cdd]1233 , (80)
ΣBsuu = 0 , Σ
Bd
uu = 0 , Σ
K
uu = 0 , (81)
ΣBsud1 = −1.0
[
c
(1)
ud
]
3323
+ 1.1·10−1[c(1)ud ]2323 , (82)
ΣBdud1 = 5.6e
i22◦[c(1)ud ]3313 − 6.2·10−1[c(1)ud ]2313 + 5.4·10−3[c(1)ud ]1313 , (83)
ΣKud1 = −2.0·101ei23
◦[
c
(1)
ud
]
3312
+ 2.1
[
c
(1)
ud
]
2312
+ 2.0ei22
◦[
c
(1)
ud
]
2321
− 1.9·10−1[c(1)ud ]2212 − 1.8·10−2[c(1)ud ]1312 − 8.1·10−3ei23◦[c(1)ud ]1112 , (84)
and
ΣBsud8 = −1.5
[
c
(8)
ud
]
3323
+ 1.6·10−1[c(8)ud ]2323 , (85)
ΣBdud8 = 7.9e
i22◦[c(8)ud ]3313 − 8.7·10−1[c(8)ud ]2313 + 7.6·10−3[c(8)ud ]1313
+ 5.5·10−3ei22◦[c(8)ud ]1113 + 5.4·10−3ei22◦[c(8)ud ]2213 , (86)
ΣKud8 = −3.8·101ei23
◦[
c
(8)
ud
]
3312
+ 4.2
[
c
(8)
ud
]
2312
+ 4.0ei22
◦[
c
(8)
ud
]
2321
− 3.9·10−1[c(8)ud ]2212 − 3.6·10−2[c(8)ud ]1312 − 2.5·10−2ei22◦[c(8)ud ]1112 . (87)
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3.4.5 C(1,3)φq , Cφd and Cφu
Here of particular interest are the entries 12, 13, 23 in
[Cφd], which in certain scenarios
like VLQ models imply rather strong constraints [16,89].
Explicitly we have in the down basis for C(1,3)φq
ΣBsφq1 = −2.4·10−1
[
c
(1)
φq
]
23
, ΣBdφq1 = 1.2e
i22◦[c(1)φq ]13 , ΣKφq1 = −2.1·10−1ei23◦[c(1)φq ]12 , (88)
and
ΣBsφq3 = 5.4·10−1
[
c
(3)
φq
]
23
+ 6.3·10−3[c(3)φq ]33 + 5.1·10−3[c(3)φq ]22 , (89)
ΣBdφq3 = −2.7ei22
◦[
c
(3)
φq
]
13
− 2.6·10−2ei21◦[c(3)φq ]12
+ 7.0·10−3ei44◦[c(3)φq ]33 + 5.7·10−3ei44◦[c(3)φq ]11 , (90)
ΣKφq3 = 5.4·10−1ei23
◦[
c
(3)
φq
]
12
+ 5.3·10−3ei24◦[c(3)φq ]13 , (91)
and Cφd
ΣBsφd = 1.2
[
cφd
]
23
, ΣBdφd = −6.6ei22
◦[
cφd
]
13
, ΣKφd = 2.5·101ei23
◦[
cφd
]
12
. (92)
In the case Cφu the corresponding contributions of Σφu are too small to allow for a 5%
effect in
[
M ij12
]
BSM
and hence are eliminated by our conditions.
For the up basis we have
ΣˆBsφq1 = −2.3·10−1[cˆ(1)φq ]23 − 5.4·10−2[cˆ(1)φq ]13 − 1.0·10−2[cˆ(1)φq ]22 + 9.4·10−3[cˆ(1)φq ]33 , (93)
ΣˆBdφq1 = 1.2e
i22◦ [cˆ
(1)
φq ]13 − 2.7·10−1ei22
◦
[cˆ
(1)
φq ]23 + 5.2·10−2ei23
◦
[cˆ
(1)
φq ]12
− 1.2·10−2ei22◦ [cˆ(1)φq ]22 + 1.0·10−2ei44
◦
[cˆ
(1)
φq ]33 , (94)
ΣˆKφq1 = −1.9·10−1ei23
◦
[cˆ
(1)
φq ]12 − 4.6·10−2ei23
◦
[cˆ
(1)
φq ]11 + 4.6·10−2ei23
◦
[cˆ
(1)
φq ]22
+ 7.3·10−3ei23◦ [cˆ(1)φq ]13 , (95)
and
ΣˆBsφq3 = 5.2·10−1[cˆ(3)φq ]23 + 1.2·10−1[cˆ(3)φq ]13 + 2.7·10−2[cˆ(3)φq ]22
− 1.6·10−2[cˆ(3)φq ]33 + 7.3·10−3e−i19
◦
[cˆ
(3)
φq ]12 , (96)
ΣˆBdφq3 = −2.6ei22
◦
[cˆ
(3)
φq ]13 + 6.1·10−1ei22
◦
[cˆ
(3)
φq ]23 − 1.4·10−1ei23
◦
[cˆ
(3)
φq ]12
+ 3.2·10−2ei22◦ [cˆ(3)φq ]22 − 1.8·10−2ei44
◦
[cˆ
(3)
φq ]33 − 1.2·10−2e−i51
◦
[cˆ
(3)
φq ]11 , (97)
ΣˆKφq3 = 4.9·10−1ei23
◦
[cˆ
(3)
φq ]12 + 1.2·10−1ei23
◦
[cˆ
(3)
φq ]11 − 1.2·10−1ei23
◦
[cˆ
(3)
φq ]22
− 1.6·10−2ei23◦ [cˆ(3)φq ]13 + 7.4·10−3ei34
◦
[cˆ
(3)
φq ]23 , (98)
whereas results for Cˆφd and Cˆφu are the same as in the down basis.
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3.4.6 C(1,8)quqd
The contributions from these coefficients are very small. However, what is interesting is
the dominance of ∆F = 1 transitions in all meson systems, demonstrating top Yukawa
at work.
Explicitly we have in the down basis
ΣBsquqd1 = 1.0·10−1
[
c
(1)
quqd
]
3332
− 5.0·10−2[c(1)quqd]2323 − 9.2·10−3[c(1)quqd]3232 , (99)
ΣBdquqd1 = −5.4·10−1ei22
◦[
c
(1)
quqd
]
3331
− 6.0·10−2[c(1)quqd]1313 + 5.2·10−2[c(1)quqd]3231 , (100)
ΣKquqd1 = −2.8
[
c
(1)
quqd
]
3321
− 2.8[c(1)quqd]3312 − 1.2ei22◦[c(1)quqd]2321
+ 2.7·10−1[c(1)quqd]1312 + 1.1·10−1[c(1)quqd]2221 − 4.3·10−2[c(1)quqd]2331
− 4.1·10−2[c(1)quqd]1332 − 2.4·10−2[c(1)quqd]1212 , (101)
and
ΣBsquqd8 = 1.8·10−2
[
c
(8)
quqd
]
3332
− 8.8·10−3[c(8)quqd]2323 , (102)
ΣBdquqd8 = −9.6·10−2ei22
◦[
c
(8)
quqd
]
3331
− 1.1·10−2[c(8)quqd]1313 + 9.0·10−3[c(8)quqd]3231 , (103)
ΣKquqd8 = −1.9·10−1ei22
◦[
c
(8)
quqd
]
2321
+ 4.2·10−2[c(8)quqd]1312 + 1.8·10−2[c(8)quqd]2221
− 6.2·10−3[c(8)quqd]2331 − 5.7·10−3[c(8)quqd]1332 . (104)
In the up basis we find
ΣˆBsquqd1 = 1.0·10−1[cˆ(1)quqd]3332 − 4.7·10−2[cˆ(1)quqd]2323 − 1.1·10−2[cˆ(1)quqd]2313
− 1.1·10−2[cˆ(1)quqd]1323 − 9.2·10−3[cˆ(1)quqd]3232 , (105)
ΣˆBdquqd1 = −5.5·10−1ei20
◦
[cˆ
(1)
quqd]3331 − 5.7·10−2[cˆ(1)quqd]1313 + 5.2·10−2[cˆ(1)quqd]3231
− 2.2·10−2ei23◦ [cˆ(1)quqd]2331 − 1.7·10−2ei28
◦
[cˆ
(1)
quqd]3321 + 1.3·10−2[cˆ(1)quqd]2313
+ 1.3·10−2[cˆ(1)quqd]1323 , (106)
ΣˆKquqd1 = 3.4·101[cˆ(1)quqd]3321 + 1.5·101[cˆ(1)quqd]3311 + 2.2[cˆ(1)quqd]3322 − 1.7[cˆ(1)quqd]3312
+ 1.2[cˆ
(1)
quqd]2331 − 1.1ei22
◦
[cˆ
(1)
quqd]2321 + 2.7·10−1[cˆ(1)quqd]1331
− 2.6·10−1ei22◦ [cˆ(1)quqd]1321 − 2.6·10−1ei22
◦
[cˆ
(1)
quqd]2311 + 2.5·10−1[cˆ(1)quqd]1312
+ 1.0·10−1[cˆ(1)quqd]2221 − 6.0·10−2ei20
◦
[cˆ
(1)
quqd]1311 − 5.7·10−2[cˆ(1)quqd]1322
− 5.5·10−2[cˆ(1)quqd]2312 + 2.4·10−2[cˆ(1)quqd]2211 + 2.4·10−2[cˆ(1)quqd]1221
− 2.2·10−2[cˆ(1)quqd]1212 + 2.0·10−2[cˆ(1)quqd]2332 + 2.0·10−2ei3
◦
[cˆ
(1)
quqd]1332
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+ 1.4·10−2[cˆ(1)quqd]2322 − 6.0·10−3ei21
◦
[cˆ
(1)
quqd]3331 + 5.6·10−3[cˆ(1)quqd]1211
+ 5.1·10−3[cˆ(1)quqd]2212 + 5.1·10−3[cˆ(1)quqd]1222 , (107)
and
ΣˆBsquqd8 = 1.8·10−2[cˆ(8)quqd]3332 − 8.4·10−3[cˆ(8)quqd]2323 , (108)
ΣˆBdquqd8 = −9.5·10−2ei22
◦
[cˆ
(8)
quqd]3331 − 1.0·10−2[cˆ(8)quqd]1313 + 9.0·10−3[cˆ(8)quqd]3231 , (109)
ΣˆKquqd8 = 3.6·10−1[cˆ(8)quqd]2331 − 1.8·10−1ei22
◦
[cˆ
(8)
quqd]2321 − 8.2·10−2[cˆ(8)quqd]1331
− 4.1·10−2ei22◦ [cˆ(8)quqd]2311 − 4.1·10−2ei22
◦
[cˆ
(8)
quqd]1321 + 4.0·10−2[cˆ(8)quqd]1312
+ 1.7·10−2[cˆ(8)quqd]2221 + 1.3·10−2[cˆ(8)quqd]1332 − 9.6·10−3ei22
◦
[cˆ
(8)
quqd]1311
− 9.3·10−3[cˆ(8)quqd]2312 − 9.2·10−3[cˆ(8)quqd]1322 + 7.3·10−3ei23
◦
[cˆ
(8)
quqd]3321
+ 5.1·10−3[cˆ(8)quqd]2332 . (110)
3.4.7 C(1,3)lequ , C(1,3)lq , Cld and Cqe
The contributions of the semileptonic operators are even smaller than the previous ones.
Most of them give too small contributions and we show here only those that meet our
criteria.15 The correlations between rare Kaon decays, K0 − K¯0 mixing and the ∆F = 1
process ε′/ε have been discussed in the framework of leptoquark models in [90]. Explicitly
under our exclusion principle stated above we find in the down basis
ΣBslq3 = 0 , Σ
Bd
lq3 = 1.1·10−2ei22
◦
([
c
(3)
lq
]
3313
+
[
c
(3)
lq
]
1113
+
[
c
(3)
lq
]
2213
)
, ΣKlq3 = 0 , (111)
and in the up-basis
ΣˆBslq3 = 0 , Σˆ
Bd
lq3 = 1.1·10−2ei22
◦
(
[cˆ
(3)
lq ]1113 + [cˆ
(3)
lq ]2213 + [cˆ
(3)
lq ]3313
)
, ΣˆKlq3 = 0 . (112)
While the numerical coefficients in the sums are the same in up and down bases, the WCs
could be different in these two bases.
3.4.8 CuW
For the operator OuW one finds:
ΣBsuW = −6.1·10−2
[
cuW
]
23
, ΣBduW = 3.1·10−1ei22
◦[
cuW
]
13
, ΣKuW = 0 , (113)
and the same for the up-basis.
15For the interested reader we refer to the tables in the ancillary files, which provide all contributions.
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3.5 Probing large values of Λ
In this section we present maximal values of the scale Λ at which the NP contribution
from a single Wilson coefficient could provide a shift in the mass difference ∆Mij of at
least 10% of (∆Mij)exp when the dimensionless SMEFT coefficient becomes ca = 10. For
lower values of ca these maximal values will be smaller. On the other hand, keeping
ca = 10 and increasing Λ will imply NP effects below 10% to ∆Mij. In view of the small
hadronic uncertainties in most of the ∆F = 2 matrix elements in Table 2, NP effects
below 10% should be still of interest when constraining BSM scenarios. The results are
presented in Figures 4–13 for both down and up bases. For an operator with a given
flavour structure, strikingly different values of Λ are found in the two bases. These results
are self-explanatory.
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Figure 4: The maximal NP scale Λ for
[
c
(1)
qq
]
ijkl
= 10 that corresponds to a 10% effect in
2
[
M ij12
]
BSM
/(∆Mij)exp for Bs (blue), Bd (red) and K
0 (green), respectively.
4 Simplified Models
In this section we discuss the tree-level models, which match onto one or several operators
relevant for the considered ∆F = 2 processes. Their complete matching onto SMEFT
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Figure 5: The maximal NP scale Λ for
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2
[
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]
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can be found in [91]. Table 5 shows all models with tree-level exchange of scalars that
match onto relevant four-quark operators. Table 6 lists the fermion and vector models
that match onto modified Z- and W couplings or dipole operators at tree-level. Finally,
Table 7 lists all tree-level mediated vector models, which generate four-quark operators
relevant for ∆F = 2 transitions. As examples we choose the models with vector bosons
that are singlets under SU(2)L × U(1)Y and with scalar bosons that are doublets under
SU(2)L, i.e. for vector exchanges a colourless heavy Z
′ and a heavy coloured gluon G′
and similarly for scalar exchanges a colourless ϕ and a coloured Φ.
4.1 Z′ Model
The interaction Lagrangian of a Z ′ = (1, 1)0 field coupling to the quarks and the SM
Higgs doublet φ reads:
LZ′ = −
[
zijq (q¯
iγµqj) + ziju (u¯
iγµuj) + zijd (d¯
iγµdj)
]
Z ′µ + zφ(φ
†iDµφ)Z ′µ + h.c. . (114)
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Figure 6: The maximal NP scale Λ for
[
cdd
]
ijkl
= 10 (upper) and
[
c
(1)
ud
]
ijkl
= 10 (lower) that
corresponds to a 10% effect in 2
[
M ij12
]
BSM
/(∆Mij)exp for Bs (blue), Bd (red) and K
0 (green),
respectively.
Matching this model onto the relevant SMEFT Wilson coefficients leads to the following
matching conditions at Λ:[C(1)qq ]ijkl = −zijq zklq2M2Z′ , [C(1)qd ]ijkl = −z
ij
q z
kl
d
M2Z′
,
[C(1)qu ]ijkl = −zijq zkluM2Z′ ,[Cdd]ijkl = −zijd zkld2M2Z′ , [Cuu]ijkl = −z
ij
u z
kl
u
2M2Z′
,
[C(1)ud ]ijkl = −ziju zkldM2Z′ ,[C(1)φq ]ij = −Re(zφ)zijqM2Z′ , [Cφd]ij = −Re(zφ)z
ij
d
M2Z′
.
(115)
These equations imply the following tree-level relations between different coefficients valid
at the NP matching scale that are independent of MZ′ and are universal in all meson
systems considered (a = u, d)[C(1)qa ]2ijij = 4[C(1)qq ]ijij[Caa]ijij , [C(1)ud ]2ijij = 4[Cdd]ijij[Cuu]ijij . (116)
Albeit they are generally modified through RG effects and matching at one-loop level.
4 Simplified Models 39
11
11
11
12
11
13
11
22
11
23
11
33
12
11
12
12
12
13
12
21
12
22
12
23
12
31
12
32
12
33
13
11
13
12
13
13
13
21
13
22
13
23
13
31
13
32
13
33
22
11
22
12
22
13
22
22
22
23
22
33
23
11
23
12
23
13
23
21
23
22
23
23
23
31
23
32
23
33
33
11
33
12
33
13
33
22
33
23
33
33
100
101
Λ
(T
eV
)
[C(1)qu ]ijkl (down-basis)
∆MBs
∆MBd
∆MK
11
11
11
12
11
13
11
22
11
23
11
33
12
11
12
12
12
13
12
21
12
22
12
23
12
31
12
32
12
33
13
11
13
12
13
13
13
21
13
22
13
23
13
31
13
32
13
33
22
11
22
12
22
13
22
22
22
23
22
33
23
11
23
12
23
13
23
21
23
22
23
23
23
31
23
32
23
33
33
11
33
12
33
13
33
22
33
23
33
33
100
101
Λ
(T
eV
)
[C(1)qu ]ijkl (up-basis)
∆MBs
∆MBd
∆MK
Figure 7: The maximal NP scale Λ for
[
c
(1)
qu
]
ijkl
= 10 that corresponds to a 10% effect in
2
[
M ij12
]
BSM
/(∆Mij)exp for Bs (blue), Bd (red) and K
0 (green), respectively.
We note that the coefficients
[C(8)qa ]ijij are absent in this list, which in the BMU basis
implies CijLR,2 = 0, while C
ij
LR,1 are non-vanishing. But including QCD corrections we find
in the NDR scheme using the results in [92] at Λ[C(1)qa ]ijij = −zijq zijaM2Z′
(
1− αs
4pi
[
2 ln
M2Z′
Λ2
+
1
3
])
, (a = u, d) (117)
[C(8)qa ]ijij = αs4pi zijq zijaM2Z′
[
6 ln
M2Z′
Λ2
+ 1
]
, (118)
and this implies non-vanishing CijLR,2. The presence of the logarithms cancels the depen-
dence on the choice of the matching scale Λ present in the NLO RG evolution and the
constant terms remove the corresponding renormalization scheme dependence.
Using the master formulae of the previous section we find following master formulae
for the Z ′ model in the down-basis
M2Z′ Σ
Bs
Z′
(5 TeV)2
= −2.3·103z23q z23d + 2.1·102z23d z23d + 2.0·102z23q z23q − 3.3z33q z23d + 1.8z22q z23d
− 1.2 Re(zφ)z23d + 1.0z33u z23d − 4.0·10−1ei22
◦
z12q z
32
d + 2.7·10−1z23q z33q
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Figure 8: The maximal NP scale Λ for
[
c
(1)
φq
]
ij
= 10 that corresponds to a 10% effect in
2
[
M ij12
]
BSM
/(∆Mij)exp for Bs (blue), Bd (red) and K
0 (green), respectively.
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Figure 9: The maximal NP scale Λ for
[
c
(3)
φq
]
ij
= 10 that corresponds to a 10% effect in
2
[
M ij12
]
BSM
/(∆Mij)exp for Bs (blue), Bd (red) and K
0 (green), respectively.
− 2.6·10−1z23q z33u + 2.4·10−1 Re(zφ)z23q − 1.5·10−1z22q z23q + 1.1·10−1z23q z22d
− 1.1·10−1z23q z33d − 1.1·10−1z23u z23d + 3.4·10−2ei22
◦
z12q z
32
q + 3.2·10−2z23q z23u
− 2.5·10−2z23q z32d + 2.3·10−2e−i23
◦
z13q z
23
d + 1.1·10−2z23d z33d − 9.3·10−3z22d z23d
+ 5.5·10−3ei21◦z13q z32d , (119)
M2Z′ Σ
Bd
Z′
(5 TeV)2
= −5.7·104z13q z13d + 4.8·103z13d z13d + 4.5·103z13q z13q + 4.5·101z12q z13d
+ 1.8·101ei22◦z33q z13d − 9.8ei22
◦
z11q z
13
d + 6.6e
i22◦ Re(zφ)z
13
d − 5.6ei22
◦
z33u z
13
d
− 3.6z12q z13q + 2.8z13q z12d − 1.4ei22
◦
z13q z
33
q + 1.3e
i22◦z13q z
33
u − 1.2ei22
◦
Re(zφ)z
13
q
+ 7.8·10−1ei22◦z11q z13q − 7.6·10−1ei23
◦
z23q z
13
d + 6.2·10−1z23u z13d − 2.4·10−1z12d z13d
− 1.7·10−1z13q z23u + 1.4·10−1ei21
◦
z23q z
31
d − 6.5·10−2ei23
◦
z13q z
23
d + 5.9·10−2ei23
◦
z13q z
23
q
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Figure 10: The maximal NP scale Λ for
[
cφd
]
ij
= 10 that corresponds to a 10% effect in
2
[
M ij12
]
BSM
/(∆Mij)exp for Bs (blue), Bd (red) and K
0 (green), respectively.
Spin Rep. O(1)qq O(3)qq O(1)qd O(8)qd O(1)qu O(8)qu Odd Ouu O(1)ud O(8)ud
0
(1, 2) 1
2
× × × ×
(3, 1)− 1
3
× × × ×
(3, 1) 2
3
×
(3, 1)− 4
3
×
(3, 3)− 1
3
× ×
(6, 1) 1
3
× ×
(6, 1)− 2
3
×
(6, 1) 4
3
×
(6, 3) 1
3
× ×
(8, 2) 1
2
× × × ×
Table 5: Four-quark (ψ4) operators generated from additional scalar fields.
+ 3.1·10−2ei21◦z13q z33d − 3.1·10−2ei21
◦
z13q z
11
d − 3.0·10−2ei44
◦
z13q z
31
d
− 1.2·10−2ei21◦z13q z32q − 7.2·10−3ei22
◦
z22q z
13
d − 7.2·10−3ei22
◦
z13d z
33
d
+ 5.5·10−3ei23◦z13d z23d − 5.4·10−3z13u z13d − 5.3·10−3ei22
◦
z12d z
23
d , (120)
M2Z′ Σ
K
Z′
(5 TeV)2
= −5.3·106z12q z12d + 1.8·104z12d z12d + 1.8·104z12q z12q − 9.0·103z13q z12d
+ 2.0·103ei22◦z23q z21d − 2.6·102z12q z13d − 8.1·101ei24
◦
z22q z
12
d + 3.4·101ei26
◦
z11q z
12
d
+ 3.0·101z12q z13q − 2.5·101ei23
◦
Re(zφ)z
12
d + 2.0·101ei23
◦
z33u z
12
d + 1.7·101ei23
◦
z33q z
12
d
− 6.6ei22◦z12q z32q + 2.8ei22
◦
z12q z
32
d + 2.5e
i66◦z12q z
11
d − 2.5ei66
◦
z12q z
22
d − 2.1z23u z12d
− 2.0ei22◦z23u z21d + 9.0·10−1z12d z13d − 7.2·10−1ei24
◦
z23q z
12
d − 4.4·10−1z13q z13d
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Figure 11: The maximal NP scale Λ for
[
c
(1)
quqd
]
ijkl
= 10 that corresponds to a 10% effect in
2
[
M ij12
]
BSM
/(∆Mij)exp for Bs (blue), Bd (red) and K
0 (green), respectively.
+ 2.8·10−1ei23◦z12q z22q − 2.2·10−1ei23
◦
z12q z
33
u + 2.1·10−1ei23
◦
Re(zφ)z
12
q
+ 1.9·10−1z22u z12d − 1.3·10−1ei23
◦
z11q z
12
q + 1.1·10−1ei45
◦
z13q z
21
d + 9.6·10−2ei23
◦
z23q z
31
d
Spin Rep. O(1)φq O(3)φq Oφd OuW
1
2
(3, 1) 2
3
× ×
(3, 1)− 1
3
× ×
(3, 3)− 1
3
× ×
(3, 3) 2
3
× × ×
(3, 2) 1
6
× ×
(3, 2)− 5
6
×
1
(1, 1)0 × ×
(1, 3)0 ×
Table 6: ψ2φ2D and ψ2Xφ operators generated from additional fermion or vector fields.
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Figure 12: The maximal NP scale Λ for
[
c
(8)
quqd
]
ijkl
= 10 that corresponds to a 10% effect in
2
[
M ij12
]
BSM
/(∆Mij)exp for Bs (blue), Bd (red) and K
0 (green), respectively.
− 6.1·10−2ei23◦z12q z33q + 5.1·10−2z13q z13q + 4.1·10−2ei23
◦
z12d z
22
d + 2.8·10−2z12q z23u
+ 2.6·10−2ei22◦z12q z32u + 2.4·10−2ei22
◦
z13d z
32
d + 1.8·10−2z13u z12d − 1.3·10−2ei23
◦
z13q z
32
q
− 1.0·10−2ei24◦z13q z22d + 1.0·10−2ei24
◦
z13q z
11
d − 9.5·10−3ei22
◦
z12d z
32
d
+ 8.1·10−3ei23◦z11u z12d . (121)
The corresponding expressions in the up-basis are given in Appendix B. Although the
value of MZ′ has been kept arbitrary, it should be of the order of Λ to avoid the appearance
of large logarithms ln Λ/MZ′ . The same applies to the other simplified models.
4.2 G′ Model
The interaction Lagrangian of a G′ = (8, 1)0 field coupling to the quarks reads:
LG′ = −
[
gijq (q¯
iγµTAqj) + giju (u¯
iγµTAuj) + gijd (d¯
iγµTAdj)
]
G′Aµ . (122)
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Figure 13: The maximal NP scale Λ for
[
c
(3)
`q
]
ijkl
= 10 that corresponds to a 10% effect in
2
[
M ij12
]
BSM
/(∆Mij)exp for Bs (blue), Bd (red) and K
0 (green), respectively.
Matching this model onto the relevant SMEFT Wilson coefficients leads to the following
tree-level matching conditions at Λ
[C(1)qq ]ijkl = gijq gklq12M2G′ − g
il
q g
kj
q
8M2G′
,
[C(3)qq ]ijkl = −gilq gkjq8M2G′ ,[C(8)qd ]ijkl = −gijq gkldM2G′ , [C(8)qu ]ijkl = −g
ij
q g
kl
u
M2G′
(123)
[Cdd]ijkl = gijd gkld12M2G′ − g
il
d g
kj
d
4M2G′
,
[Cuu]ijkl = giju gklu12M2G′ − g
il
ug
kj
u
4M2G′
,
[C(8)ud ]ijkl = −giju gkldM2G′ .
These equations imply the following tree-level relations between different coefficients that
are independent of MG′ and are universal in all meson systems considered[C(8)ud ]2ijij = 36[Cdd]ijij[Cuu]ijij , [C(8)qd ]2ijij = 144[C(1)qq ]ijij[Cdd]ijij ,[C(8)qu ]2ijij = 144[C(1)qq ]ijij[Cuu]ijij , [C(3)qq ]ijij = 3[C(1)qq ]ijij . (124)
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Spin Rep. O(1)qq O(3)qq O(1)qd O(8)qd O(1)qu O(8)qu Odd Ouu O(1)ud O(8)ud
1
(1, 1)0 × × × × × ×
(1, 1)1 × ×
(1, 3)0 ×
(8, 1)0 × × × × × × ×
(8, 1)1 × ×
(8, 3)0 × ×
(3, 2) 1
6
× ×
(3, 2)− 5
6
× ×
(6¯, 2) 1
6
× ×
(6¯, 2)− 5
6
× ×
Table 7: Four-quark (ψ4) operators generated from additional vector fields.
In this model we find in the down-basis:
M2G′Σ
Bs
G′
(5 TeV)2
= −2.7·103g23q g23d + 6.9·101g23d g23d + 6.5·101g23q g23q − 3.8g33q g23d + 2.1g22q g23d
+ 1.5g33u g
23
d − 4.7·10−1ei22
◦
g12q g
32
d − 1.6·10−1g23u g23d + 1.3·10−1g23q g22d
− 1.3·10−1g23q g33d − 1.1·10−1g23q g33u + 8.7·10−2g23q g33q − 5.2·10−2g23q g22q
− 2.7·10−2g23q g32d + 2.6·10−2e−i23
◦
g13q g
23
d + 1.4·10−2g23q g23u
+ 1.1·10−2ei22◦g12q g32q + 5.8·10−3ei21
◦
g13q g
32
d , (125)
M2G′Σ
Bd
G′
(5 TeV)2
= −6.6·104g13q g13d + 1.6·103g13d g13d + 1.5·103g13q g13q + 5.2·101g12q g13d
+ 2.1·101ei22◦g33q g13d − 1.1·101ei22
◦
g11q g
13
d − 7.9ei22
◦
g33u g
13
d + 3.2g
13
q g
12
d
− 1.2g13q g12q − 8.9·10−1ei23
◦
g23q g
13
d + 8.7·10−1g23u g13d + 5.2·10−1ei22
◦
g13q g
33
u
− 4.7·10−1ei21◦g13q g33q + 2.7·10−1ei22
◦
g13q g
11
q + 1.4·10−1ei21
◦
g23q g
31
d
− 7.8·10−2g13d g12d − 7.5·10−2ei23
◦
g13q g
23
d − 7.5·10−2g13q g23u
− 3.6·10−2ei21◦g13q g11d + 3.5·10−2ei21
◦
g13q g
33
d − 3.1·10−2ei44
◦
g13q g
31
d
+ 1.9·10−2ei23◦g13q g23q − 1.8·10−2ei22
◦
g22q g
13
d − 7.6·10−3g13u g13d
− 5.5·10−3ei22◦g11u g13d − 5.4·10−3ei22
◦
g22u g
13
d , (126)
M2G′Σ
K
G′
(5 TeV)2
= −7.5·106g12q g12d − 1.3·104g13q g12d + 6.1·103g12d g12d + 5.9·103g12q g12q
+ 2.8·103ei22◦g23q g21d − 3.7·102g12q g13d − 1.1·102ei24
◦
g22q g
12
d + 4.7·101ei27
◦
g11q g
12
d
+ 3.8·101ei23◦g33u g12d + 2.3·101ei23
◦
g33q g
12
d + 1.0·101g13q g12q − 4.2g23u g12d
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− 4.0ei22◦g23u g21d + 4.0ei22
◦
g12q g
32
d + 3.4e
−i79◦g12q g
22
d − 3.4e−i79
◦
g12q g
11
d
− 2.2ei22◦g12q g32q − 9.7·10−1ei24
◦
g23q g
12
d − 6.3·10−1g13q g13d
+ 3.9·10−1g22u g12d + 3·10−1g12d g13d + 1.5·10−1ei45
◦
g13q g
21
d + 1.4·10−1ei23
◦
g23q g
31
d
+ 9.5·10−2ei23◦g12q g22q − 9.2·10−2ei23
◦
g12q g
33
u − 4.2·10−2ei23
◦
g12q g
11
q
− 3.9·10−2ei23◦g13q g32q + 3.6·10−2g13u g12d + 2.5·10−2ei22
◦
g11u g
12
d
+ 1.7·10−2g13q g13q − 1.5·10−2ei24
◦
g13q g
22
d + 1.4·10−2ei24
◦
g13q g
11
d
+ 1.4·10−2ei23◦g12d g22d + 1.2·10−2g12q g23u + 1.2·10−2ei22
◦
g12d g
33
d
+ 1.1·10−2ei22◦g12q g32u + 9.7·10−3ei23
◦
g12q g
33
q + 6.7·10−3ei23
◦
g13q g
32
d
− 6.3·10−3ei46◦g12q g21d − 6.2·10−3ei23
◦
g22q g
13
d − 5.4·10−3ei22
◦
g13d g
32
d . (127)
The corresponding expressions in the up-basis are given in Appendix B.
4.3 Colourless Scalar Model
The interaction Lagrangian of a ϕ = (1, 2)1/2 scalar field coupling to the quarks reads:
Lϕ = −Y ijd (q¯idj)ϕ− Y iju (q¯iuj) ϕ˜+ h.c. ϕ˜ ≡ iσ2ϕ∗ . (128)
Integrating out the heavy scalar leads to the following tree-level matching conditions for
the four-quark SMEFT operators [91] at Λ
[C(8)qu ]ijkl = 6[C(1)qu ]ijkl = − Y jku Y il∗uM2ϕ , [C(8)qd ]ijkl = 6[C(1)qd ]ijkl = − Y
li
d Y
kj∗
d
M2ϕ
. (129)
In the BMU basis these results imply CijLR,1 = 0 and only C
ij
LR,2 are non-vanishing.
However, it is evident from the charts in the previous section that QCD RG evolution
will generate non-vanishing CijLR,1 at different scales. This is already seen when QCD
corrections to the matching in (129) are extracted from [92]. In the NDR scheme we find
[C(1)qa ]ijij = −16 Y jia Y ij∗aM2ϕ
(
1− 5
2
αs
4pi
)
,
[C(8)qa ]ijij = − Y jia Y ij∗aM2ϕ
(
1− αs
4pi
)
, (130)
so that the relation in (129) is violated and non-vanishing CijLR,1 are generated. These QCD
corrections cancel the renormalization scheme dependence present in two-loop anomalous
dimensions of the operators in question that enter the RG evolution at the NLO level. One
should note that no logarithms involving the NP scale are present in these corrections.
The reason for this is explained in [92].
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We find for the master formulae in the down-basis:
M2ϕ Σ
Bs
ϕ
(5 TeV)2
= −3.1·103Y 32d Y 23∗d − 4.4Y 33d Y 23∗d + 2.4Y 32d Y 22∗d
− 5.3·10−1ei22◦Y 21d Y 32∗d − 1.5·10−1Y 33u Y 23∗u + 1.5·10−1Y 22d Y 23∗d
− 1.5·10−1Y 32d Y 33∗d − 3.1·10−2Y 22d Y 33∗d + 3.0·10−2e−i23
◦
Y 31d Y
23∗
d
+ 1.9·10−2Y 32u Y 23∗u + 6.7·10−3ei21
◦
Y 21d Y
33∗
d , (131)
M2ϕ Σ
Bd
ϕ
(5 TeV)2
= −7.5·104Y 31d Y 13∗d + 5.9·101Y 31d Y 12∗d + 2.4·101ei22
◦
Y 33d Y
13∗
d
− 1.3·101ei22◦Y 31d Y 11∗d + 3.7Y 21d Y 13∗d − 1.0ei23
◦
Y 32d Y
13∗
d
+ 7.4·10−1ei22◦Y 33u Y 13∗u + 1.7·10−1ei21
◦
Y 12d Y
33∗
d − 1.0·10−1Y 32u Y 13∗u
− 8.5·10−2ei23◦Y 31d Y 23∗d − 4.2·10−2ei21
◦
Y 11d Y
13∗
d + 4.1·10−2ei21
◦
Y 31d Y
33∗
d
− 3.6·10−2ei44◦Y 11d Y 33∗d − 1.9·10−2ei22
◦
Y 32d Y
12∗
d , (132)
M2ϕ Σ
K
ϕ
(5 TeV)2
= −8.4·106Y 21d Y 12∗d − 1.4·104Y 21d Y 13∗d + 3.1·103ei22
◦
Y 12d Y
23∗
d
− 4.1·102Y 31d Y 12∗d − 1.3·102ei24
◦
Y 22d Y
12∗
d + 5.2·101ei27
◦
Y 21d Y
11∗
d
+ 2.6·101ei23◦Y 23d Y 13∗d + 4.4ei22
◦
Y 21d Y
32∗
d + 3.7e
−i82◦Y 21d Y
22∗
d
− 3.7e−i82◦Y 11d Y 12∗d − 1.1ei24
◦
Y 22d Y
13∗
d − 7.0·10−1Y 31d Y 13∗d
+ 1.7·10−1ei45◦Y 11d Y 23∗d + 1.5·10−1ei23
◦
Y 12d Y
33∗
d − 1.3·10−1ei23
◦
Y 23u Y
13∗
u
+ 1.7·10−2Y 22u Y 13∗u − 1.6·10−2ei24
◦
Y 21d Y
23∗
d + 1.6·10−2ei24
◦
Y 11d Y
13∗
d
+ 1.6·10−2ei22◦Y 23u Y 12∗u + 7.5·10−3ei23
◦
Y 21d Y
33∗
d − 7.1·10−3ei46
◦
Y 11d Y
22∗
d
− 6.9·10−3ei23◦Y 32d Y 12∗d . (133)
The corresponding expressions in the up-basis are given in Appendix B.
4.4 Coloured Scalar Model
The interaction Lagrangian of a Φ = (8, 2)1/2 scalar field coupling to the quarks reads:
LΦ = −X ijd (q¯i TAdj) ΦA −X iju (q¯i TAuj) Φ˜A + h.c. , Φ˜A ≡ iσ2(ΦA)∗ . (134)
Integrating out the heavy scalar leads to the following tree-level matching conditions for
the four-quark SMEFT operators [91] at Λ
4
3
[C(8)qu ]ijkl = −[C(1)qu ]ijkl = 29Xjku X il∗uM2Φ , 43[C(8)qd ]ijkl = −[C(1)qd ]ijkl = 29X
li
dX
kj∗
d
M2Φ
. (135)
Note that this time the relation between the two coefficients differs from (129) and both
CijLR,1 and C
ij
LR,2 are non-vanishing already at tree-level. For the master formula we find
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in the down-basis:
M2Φ Σ
Bs
Φ
(5 TeV)2
= −6.8·101X32d X23∗d − 8.6·10−2X33d X23∗d + 5.3·10−2X32d X22∗d
− 4.1·10−2X33u X23∗u − 1.2·10−2ei22
◦
X21d X
32∗
d , (136)
M2Φ Σ
Bd
Φ
(5 TeV)2
= −1.7·103X31d X13∗d + 1.3X31d X12∗d + 4.7·10−1ei22
◦
X33d X
13∗
d
− 2.9·10−1ei22◦X31d X11∗d + 2.0·10−1ei22
◦
X33u X
13∗
u + 8.2·10−2X21d X13∗d
− 2.6·10−2X32u X13∗u − 2.0·10−2ei23
◦
X32d X
13∗
d + 6.2·10−3ei21
◦
X12d X
33∗
d , (137)
M2Φ Σ
BK
Φ
(5 TeV)2
= 8.3·104X21d X12∗d + 1.4·102X21d X13∗d − 3.1·101ei22
◦
X12d X
23∗
d
+ 4.1X31d X
12∗
d + 9.5·10−1ei33
◦
X22d X
12∗
d − 3.4·10−1e−i6
◦
X21d X
22∗
d
+ 3.4·10−1e−i6◦X11d X12∗d − 2.7·10−1ei61
◦
X21d X
11∗
d − 4.4·10−2ei22
◦
X21d X
32∗
d
− 4.0·10−2ei24◦X23d X13∗d − 3.3·10−2ei23
◦
X23u X
13∗
u + 6.9·10−3X31d X13∗d . (138)
The corresponding expressions in the up-basis are given in Appendix B.
4.5 A Closer Look at NP Scenarios
Let us next get a better insight into different NP scenarios by collecting in Table 8 the
values of flavour violating couplings for MZ′,G′,ϕ,Φ = 5 TeV that give rise to 20% NP
corrections to 2
[
M ij12
]
BSM
that is 0.2 for the sum entering (23). To this end we keep only
the contribution with the largest P ija (Λ) in our results. These are the ones which come
directly from ∆F = 2 operators or from left-right operators, which for the Z ′ and G′
models involve the products zijd z
ij
q with ij = 12, 13, 23 for K
0, Bd and Bs, respectively. In
order to get an idea of the size of the couplings we first take them to be real and assume
the relations
zijd = z
ij
q , g
ij
d = g
ij
q , X
ij
d = X
ji
d , Y
ij
d = Y
ji
d , (139)
that we will relax soon.
As the values of flavour-violating couplings turn out to be small the question arises
whether non-leading terms with smaller P ija (Λ), or equivalently smaller numerical coef-
ficients multiplying the products of couplings, could play a role, in particular those in
which flavour-conserving couplings are present. While a detailed analysis would require
a simultaneous study of ∆F = 1 transitions it is of interest to see whether other terms
generated by the RG evolution play eventually any role in the estimate of NP contribu-
tions to ∆F = 2 observables. As we will see soon this indeed can be the case provided
flavour-conserving couplings are sufficiently large but still in a perturbative regime. We
will assume such couplings to be at most ∼ 3.
Evidently the outcome of such an analysis depends on the scenarios for couplings
considered and it is common in the case of Z ′ and G′ scenarios to investigate the following
scenarios for couplings:
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Model Couplings
Z ′ z12q z
13
q z
23
q
2.0·10−4 1.9·10−3 9.3·10−3
G′ g12q g
13
q g
23
q
1.6·10−4 1.7·10−3 8.6·10−3
ϕ Y 12d Y
13
d Y
23
d
1.5·10−4 1.6·10−3 8.0·10−3
Φ X12d X
13
d X
23
d
1.6·10−3 1.1·10−2 5.4·10−2
Table 8: The values of flavour-violating couplings for MZ′, G′, ϕ,Φ = 5 TeV that give rise to 20%
NP corrections to 2
[
M ij12
]
BSM
.
• Left-handed Scenario (LHS) in which only coefficients involving the couplings
zijq or g
ij
q are kept non-zero.
• Right-handed Scenario (RHS) in which only coefficients involving the couplings
zijd and z
ij
u or g
ij
d and g
ij
u are kept non-zero.
• Left-Right-handed Scenario (LRS) in which all coefficients are kept nonzero.
Inspecting the master formulae for the sums in Z ′, G′, ϕ and Φ scenarios listed above,
we make the following observations:
• The pattern of various contributions depends on whether the model is formulated
in the down basis or the up basis. While this could be at first sight surprizing it
can be explained as the explicit breakdown of the U(3)5 flavour symmetry in the
NP scenarios considered. We will return to this point in Section 4.7.
• The pattern also depends on the scenario of couplings as already mentioned above.
• In the down basis the ∆F = 2 contributions seem to dominate by far in all the
down-type meson systems (K0, Bd, Bs) in all four NP scenarios considered. This is
in particular the case in LHS and RHS scenarios.
• In the up basis the terms involving flavour-diagonal couplings, that are representing
∆F = 1 operators, can compete with direct ∆F = 2 contributions. This is in
particular the case for the LRS scenario with a hierarchy between left- and right-
handed couplings, which, if necessary, can through cancellations between different
important terms allow to suppress NP contributions to ∆F = 2 processes in the
presence of significant NP contributions to ∆F = 1 transitions [78].
In particular the contributions (23)(33) and (23)(22) can compete with (23)(23) in
the Bs system and (12)(22) and (12)(11) with (12)(12) in the K
0 system, provided
the flavour-conserving couplings are much larger than flavour-violating ones, but
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still being in the perturbative regime. Such competition seems to be less likely in
the Bd system.
• We also find that the ∆F = 1 contributions are most relevant in the G′ scenario
followed by the Z ′ scenario. They can also be relevant in scalar scenarios but at
most at the level of 30% of the numerically leading contributions.
• For the up basis we also find that contributions involving only flavour-violating
couplings can compete with each other. In particular (23)(13) can compete with
(23)(23) in the Bs system, while (13)(23) with (13)(13) in the Bd system. This
also shows that the same couplings enter Bs and Bd systems implying correlations
between these two systems. Such correlations are missed if RG effects are not
considered. Similar correlations are found between K0 and D0 systems.
These findings demonstrate that just keeping the direct ∆F = 2 contributions in
the phenomenological analyses of ∆F = 2 observables can miss important dynamics of
SMEFT.
4.6 Comments on VLQ and LQ models
We have seen that in the considered scenarios the role of the operators
O(1)φq , O(3)φq , Oφd , (140)
was minor as they have been put under the shadow of the four-fermion operators, in par-
ticular O(1)qd and O(8)qd , which are generated in the matching on SMEFT in these scenarios
already at tree-level.
The situation changes in VLQ models based on the SM group in which operators
in (140) play the dominant role by generating the operators O(1)qd and O(8)qd through RG
running dominated by Yukawa couplings. In turn these operators give again important
contributions to ∆F = 2 transitions. The analysis of this scenario with correlations
between ∆F = 2 and ∆F = 1 transitions has been already analyzed in [89] and we
refer to this paper for details. However, let us point out that in these VLQ models
the Wilson coefficients C(1)qd and C(8)qd receive at the electroweak scale two contributions:
firstly the one due to tree-level VLQ exchange that generates Oφd at Λ and enters via
Yukawa mixing at µew with a logarithmic enhancement. And secondly due to a direct
contribution from one-loop matching at Λ. Both contributions are loop-suppressed, but
have a different dependence on the VLQ Yukawa couplings YVLQ: the former scales with
∝ (YVLQ)2(VCKM)2, whereas the latter scales with ∝ (YVLQ)4. The absolute numerical
importance of both contributions depends strongly on the allowed size of YVLQ compared
to VCKM. The physics behind these effects are FCNCs mediated by the SM Z-boson
that are generated through the mixing of VLQs and the SM quarks in the process of
electroweak symmetry breaking. A more general discussion of this phenomenon in the
context of the SMEFT can be found in [16,22].
Still different is the case of LQ models in which four-fermion operators are generated
at the electroweak scale through RG running from semileptonic operators
O(1)lq , O(3)lq , Old, Oqe, Oledq, O(1)lequ, O(3)lequ. (141)
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Only electroweak interactions are involved here and the contributions to ∆F = 2 pro-
cesses in these models are small. Indeed we have seen that the contributions of operators
involving leptons in our master formulae are strongly suppressed. We refer to [90] for
details.
4.7 The issue of the basis choice
Having the set of linearly independent SMEFT operators, we had to specify the weak-
eigenstate basis in which we plan to perform calculations including the RG evolution
above the electroweak scale. Performing the calculations in either the down basis or the
up basis, we found different results which could be surprizing because we are used to
basis-independent results within the SM. In order to understand better what is going on
let us repeat what is well know within the SM.
The gauge interactions in the SM are invariant under a [U(3)]5 flavour symmetry
qL → V qL qL, uR → V uR uR, dR → V dR dR, (142)
`L → V eL `L, eR → V eR eR, (143)
where V qL , V
u
R , V
d
R , V
e
L and V
e
R are unitary 3 × 3 matrices. This is the consequence of
the fact that there is the universality of the gauge couplings for all fermion families of
left- and right-handed fermions. In the SM the Yukawa sector breaks this universality
and consequently [U(3)]5 symmetry explicitly simply because the Yukawa couplings to
fermions are not subject to further symmetry constraints, and in this way allows to
account for the known mass spectrum of quarks and leptons. The preferred basis for
calculations is the mass-eigenstate basis in which the Yukawa and consequently mass
matrices are diagonalized as explicitly given by
(V dL )
†YDV dR = Yˆ
D, (V uL )
†YUV uR = Yˆ
U , (V eL)
†YEV eR = Yˆ
E, (144)
with Yˆi being diagonal. Here V uL and V
d
L rotate the SU(2)L components of qL individually
contrary to V qL in (142).
Now because of the universality of gauge couplings and the unitarity of rotation
matrices, FCNCs are absent and flavour changes appear only in the charged currents
parametrized by CKM and PMNS matrices. It should be stressed that it is irrelevant
whether we rotate the down-quarks from flavour to mass eigenstates and assume flavour
and mass eigenstates in the up-quark system to be equal, or vice versa. The interactions
in the mass-eigenstate basis remain unchanged. The same applies to the lepton sector.
Let us next assume that NP contributions, e.g. with non-universal but generation-
diagonal gauge couplings, break the [U(3)]5 flavour symmetry explicitly. In order to see
the consequences of this breakdown let us consider a Z ′ model and choose the up basis,
i.e. V uL = 1 and V
u
R = 1. This means that the Yukawa matrix or equivalently the mass
matrix for up-quarks is diagonal and the same applies to the interactions of up-quarks
with Z ′. There is no flavour violation in the up-quark sector mediated by the Z ′ up to
contributions from matching and back-rotation in SMEFT. But with V uL = 1 we have
V dL = VCKM. Therefore, performing the usual rotations in the down sector from flavour-
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to mass-eigenstate basis we find FCNC transitions in the down-quark sector with
∆ijL (Z
′) = gZ′
[
V †CKM Zˆ
d
L VCKM
]
ij
, ∆ijR(Z
′) = gZ′
[
(V dR)
† ZˆdR V
d
R
]
ij
, (145)
with (i, j = d, s, b) and ZˆdL,R being diagonal matrices collecting U(1)
′ charges of left- and
right-handed down-quarks.
However, V uL = 1 and V
u
R = 1 is an assumption which specifies our model. It assumes
that in the basis in which Yukawa matrices for up-quarks are diagonal also the interactions
of the Z ′ with the up-quarks are flavour diagonal. In other words Yˆu and Z ′ interactions
for the up-quarks are aligned with each other. But we could as well choose V dL = 1
and V dR = 1 which would result in FCNCs mediated by the Z
′ in the up-quark sector
and no FCNCs in the down-quark sector again up to contributions from matching and
back-rotation.
These simple examples show that in the absence of a [U(3)]5 flavour symmetry in the
gauge sector we have more freedom and the physics depends on how the Yukawa matrices
and matrices describing interactions are oriented in flavour space. This also explains why
the bounds on various coefficients found in [11] for the down-basis and up-basis differ from
each other and also implied different SMEFT master formulae in our paper.
These findings underline the importance of the construction of UV completions in
which also a flavour theory is specified so that the orientation between Yukawa matrices
and the matrices describing the interactions are known. Interesting model constructions
in this direction can be found in [93,94].
5 Summary and Outlook
In the present paper we have worked out the model-independent anatomy of the ∆F = 2
transitions K0 − K¯0, Bs,d − B¯s,d and D0 − D¯0 in the context of SMEFT and LEFT. On
the technical side the two most important novel results are two master formulae for the
new physics contribution of the mixing amplitude
[
M ij12
]
BSM
with ij = ds, db, sb, cu.
The first Eq. (15) is given in terms of the Wilson coefficients (WCs) of the LEFT oper-
ators evaluated at the electroweak scale µew. For each meson system there are eight WCs
and corresponding coefficients P ija (µew) that collect all the information below the scales
µew. This means the existing results for hadronic matrix elements from LQCD combined
with the presently known QCD renormalization group evolution at the NLO level up to
µew. The numerical values of P
ij
a (µew) in different operator bases are collected in Table 3.
Calculating the WCs of the eight operators in question at µew in any BSM scenario this
formula gives directly
[
M ij12
]
BSM
and consequently allows to calculate all observables re-
lated to neutral-meson mixing. It is a modern version of the formula presented already
in [28]. The advantage of this formula with respect to the second master formula for
SMEFT is the paucity of the terms entering it and further it is not subject to constraints
from SU(2)L × U(1)Y gauge invariance present in the SMEFT master formula. But the
drawback is that it requires from the practitioners the calculation of the RG evolution
in the context of the SMEFT from the NP scale Λ down to the electroweak scale µew.
Because of subtle and often important RG effects related to the top-Yukawa coupling
taking place on the route from Λ down to µew, it is not evident from the structure of a
given extension of the SM that it is in agreement with the data at low energy or not.
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The second master formula, given in (23), although containing many more terms than
the LEFT one, is more powerful because it allows right away to see whether a given
BSM scenario has a chance to be consistent with the data or not. It gives
[
M ij12
]
BSM
directly in terms of the WCs of the SMEFT operators evaluated at the BSM scale Λ.
The coefficients P ija (Λ) entering this formula generalize the information below the scale
µew present already in P
ij
a (µew) to include all RG effects between µew and Λ. Therefore
performing the matching of a given NP model to the SMEFT, using in particular results
of [91] at the scale Λ, and using the master formulae in Section 3.4 allows to connect
NP at a very high scale with the observables measured at low energy scales. While the
numerical coefficients in these formulae are given for the example of Λ = 5 TeV, the
dominant change in the results for observables comes from the quadratic dependence on
the masses of gauge bosons and scalars and can be calculated right away. The dependence
of P ija (Λ) on Λ is logarithmic and much weaker. One can verify this by inspecting the
corresponding master formulae for 100 TeV in Appendix A.
We stress that although the solution to the relevant RG equations are collected in the
first leading logarithmic approximation in Section 3.2, the numerical values of P ija (Λ) that
enter the master formulae are obtained by summing leading logarithms to all orders in the
coupling numerically and including the one-loop matching from SMEFT onto LEFT [14]
at µew, which is collected in Appendix D.
Presenting our master formulae in the down and the up basis, we have reemphasized
their differences and the need for UV completions incorporating a flavour theory in order
to be able to understand the full dynamics of the SMEFT. Whereas in the down basis the
∆F = 2 contributions have the numerically largest coefficients compared to the ∆F = 1
ones that enter mainly via Yukawa mixing, in the up basis this hierarchy is absent. This
implies very strong correlations between ∆F = 2 and ∆F = 1 processes in the up basis,
hence affecting many phenomenological analysis of collider processes, in particular top-
quark phenomenology.
We have also illustrated this technology by applying the SMEFT formula to a number
of simplified models containing colourless heavy gauge bosons (Z ′) and scalars and models
with coloured heavy gauge bosons (G′a) and scalars. Also the cases of vector-like quarks
and leptoquarks have been briefly discussed.
Our analysis demonstrates that RG effects of the running from Λ down to µew, in
particular those related to QCD interactions and top-Yukawa couplings constitute an
essential ingredient of any analysis of BSM scenarios. However, it should be kept in mind
that in some NP scenarios the role of the model dependent one-loop matching at the NP
scale Λ could also be important if it generates the Wilson coefficients C(1)qd and C(8)qd which
are multiplied by very large P ija (Λ) coefficients.
The corresponding analysis of ∆F = 1 transitions is expected to be much more in-
volved and subject to much larger hadronic uncertainties, but already our ∆F = 2 ATLAS
casts some doubts on the validity of many analyses present in the literature that consider
only one or two operators at the time and restrict the analyses to a single meson system.
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A SMEFT ATLAS at Λ = 100 TeV
Here we report the master formulae for the contributions of different operators, this
time generated at Λ = 100 TeV. The dominant effect relative to the Λ = 5 TeV case
is suppression of these contributions by a factor of 400 originating in 1/Λ2. RG effects,
although visible, amount to shifts of at most 50% and this only for left-right operators.
A.1 C(1)qq and C(3)qq
In the down-basis
ΣBsqq1 = −8.9·10−1
[
c(1)qq
]
2323
, (146)
ΣBdqq1 = −2.1·101
[
c(1)qq
]
1313
+ 2.6·10−2[c(1)qq ]1213 + 1.0·10−2ei22◦[c(1)qq ]1333
− 5.7·10−3ei22◦[c(1)qq ]1113 , (147)
ΣKqq1 = −8.1·101
[
c(1)qq
]
1212
− 2.2·10−1[c(1)qq ]1213 + 4.7·10−2ei22◦[c(1)qq ]1232 , (148)
and up-basis
ΣˆBsqq1 = −8.4·10−1[cˆ(1)qq ]2323 − 1.9·10−1[cˆ(1)qq ]1323 − 4.4·10−2[cˆ(1)qq ]1313 − 3.4·10−2[cˆ(1)qq ]2223
+ 3.4·10−2[cˆ(1)qq ]2333 − 7.9·10−3[cˆ(1)qq ]1223 − 7.9·10−3[cˆ(1)qq ]1322 + 7.8·10−3[cˆ(1)qq ]1333 ,
(149)
ΣˆBdqq1 = −2.0·101[cˆ(1)qq ]1313 + 4.5[cˆ(1)qq ]1323 − 1.0[cˆ(1)qq ]2323 − 8.0·10−1[cˆ(1)qq ]1213
+ 1.8·10−1[cˆ(1)qq ]1223 + 1.8·10−1[cˆ(1)qq ]1322 − 1.7·10−1ei22
◦
[cˆ(1)qq ]1333
− 6.8·10−2e−i73◦ [cˆ(1)qq ]1113 − 4.2·10−2[cˆ(1)qq ]2223 + 3.9·10−2ei22
◦
[cˆ(1)qq ]2333
− 3.3·10−2[cˆ(1)qq ]1212 + 1.6·10−2e−i73
◦
[cˆ(1)qq ]1231 + 1.6·10−2e−i73
◦
[cˆ(1)qq ]1123
+ 7.5·10−3[cˆ(1)qq ]1222 − 7.0·10−3ei23
◦
[cˆ(1)qq ]1233 − 6.9·10−3ei23
◦
[cˆ(1)qq ]1332 , (150)
ΣˆKqq1 = −7.3·101[cˆ(1)qq ]1212 − 1.6·101[cˆ(1)qq ]1112 + 1.6·101[cˆ(1)qq ]1222 − 3.9[cˆ(1)qq ]1111
+ 3.9[cˆ(1)qq ]1122 + 3.9[cˆ
(1)
qq ]1221 − 3.9[cˆ(1)qq ]2222 + 2.9[cˆ(1)qq ]1213 + 6.4·10−1[cˆ(1)qq ]1113
− 6.4·10−1[cˆ(1)qq ]1223 − 6.4·10−1[cˆ(1)qq ]1322 − 6.0·10−1ei23
◦
[cˆ(1)qq ]1232
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− 3.0·10−1ei11◦ [cˆ(1)qq ]1123 − 3.0·10−1ei11
◦
[cˆ(1)qq ]1231 + 3.0·10−1ei11
◦
[cˆ(1)qq ]2223
− 1.2·10−1[cˆ(1)qq ]1313 + 2.6·10−2[cˆ(1)qq ]1323 + 2.4·10−2ei23
◦
[cˆ(1)qq ]1233
+ 2.4·10−2ei23◦ [cˆ(1)qq ]1332 − 1.1·10−2ei22
◦
[cˆ(1)qq ]2323 + 5.9·10−3ei23
◦
[cˆ(1)qq ]1133
− 5.9·10−3ei23◦ [cˆ(1)qq ]2233 + 5.8·10−3ei23
◦
[cˆ(1)qq ]1331 − 5.8·10−3ei23
◦
[cˆ(1)qq ]2332 , (151)
and to a very good approximation the same expressions for C(3)qq and Cˆ(3)qq .
A.2 C(1)qd and C(8)qd
In the down basis
ΣBsqd1 = 7.3
[
c
(1)
qd
]
2323
+ 1.7·10−2[c(1)qd ]3323 − 9.3·10−3[c(1)qd ]2223 , (152)
ΣBdqd1 = 1.8·102
[
c
(1)
qd
]
1313
− 2.3·10−1[c(1)qd ]1213 − 9.0·10−2ei22◦[c(1)qd ]3313
+ 5.0·10−2ei22◦[c(1)qd ]1113 − 1.4·10−2[c(1)qd ]1312 , (153)
ΣKqd1 = 1.7·104
[
c
(1)
qd
]
1212
+ 4.6·101[c(1)qd ]1312 − 1.0·101ei22◦[c(1)qd ]2321 + 1.4[c(1)qd ]1213
+ 4.4·10−1ei23◦[c(1)qd ]2212 − 2.0·10−1ei23◦[c(1)qd ]1112 − 7.8·10−2ei23◦[c(1)qd ]3312
+ 3.2·10−2ei23◦[c(1)qd ]1222 − 3.2·10−2ei23◦[c(1)qd ]1211 − 1.5·10−2ei22◦[c(1)qd ]1232 , (154)
and
ΣBsqd8 = 8.7
[
c
(8)
qd
]
2323
+ 2.1·10−2[c(8)qd ]3323 − 1.1·10−2[c(8)qd ]2223 , (155)
ΣBdqd8 = 2.1·102
[
c
(8)
qd
]
1313
− 2.7·10−1[c(8)qd ]1213 − 1.1·10−1ei22◦[c(8)qd ]3313
+ 6.0·10−2ei22◦[c(8)qd ]1113 − 1.7·10−2[c(8)qd ]1312 , (156)
ΣKqd8 = 2.4·104
[
c
(8)
qd
]
1212
+ 6.5·101[c(8)qd ]1312 − 1.4·101ei22◦[c(8)qd ]2321 + 1.9[c(8)qd ]1213
+ 6.2·10−1ei23◦[c(8)qd ]2212 − 2.8·10−1ei23◦[c(8)qd ]1112 − 1.0·10−1ei23◦[c(8)qd ]3312
− 4.4·10−2ei23◦[c(8)qd ]1211 + 4.4·10−2ei23◦[c(8)qd ]1222 − 2.0·10−2ei22◦[c(8)qd ]1232
+ 5.1·10−3[c(8)qd ]1313 . (157)
For the up basis we have
ΣˆBsqd1 = 7.1[cˆ
(1)
qd ]2323 + 1.6[cˆ
(1)
qd ]1323 + 2.9·10−1[cˆ(1)qd ]2223 − 2.8·10−1[cˆ(1)qd ]3323 + 6.7·10−2[cˆ(1)qd ]1223
+ 2.5·10−2e−i73◦ [cˆ(1)qd ]1232 − 1.2·10−2[cˆ(1)qd ]2332 + 5.7·10−3e−i73
◦
[cˆ
(1)
qd ]1123 , (158)
ΣˆBdqd1 = 1.7·102[cˆ(1)qd ]1313 − 4.0·101[cˆ(1)qd ]2313 + 7.1[cˆ(1)qd ]1213 − 1.6[cˆ(1)qd ]2213 + 1.5ei22
◦
[cˆ
(1)
qd ]3313
+ 6.1·10−1e−i73◦ [cˆ(1)qd ]1113 − 1.4·10−1e−i73
◦
[cˆ
(1)
qd ]1231 + 6.2·10−2ei22
◦
[cˆ
(1)
qd ]2331
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− 1.4·10−2[cˆ(1)qd ]1312 + 5.3·10−3e−i51
◦
[cˆ
(1)
qd ]1331 , (159)
ΣˆKqd1 = 1.7·104[cˆ(1)qd ]1212 + 3.8·103[cˆ(1)qd ]1112 − 3.8·103[cˆ(1)qd ]2212 − 8.8·102[cˆ(1)qd ]1221
− 6.6·102[cˆ(1)qd ]1312 + 1.5·102[cˆ(1)qd ]2312 + 1.4·102ei22
◦
[cˆ
(1)
qd ]2321 + 3.3·101ei22
◦
[cˆ
(1)
qd ]1321
− 5.8ei23◦ [cˆ(1)qd ]3312 + 1.3[cˆ(1)qd ]1213 + 3.0·10−1[cˆ(1)qd ]1113 − 3.0·10−1[cˆ(1)qd ]2213
− 6.8·10−2[cˆ(1)qd ]1231 − 5.1·10−2[cˆ(1)qd ]1313 + 2.8·10−2ei23
◦
[cˆ
(1)
qd ]1222
− 2.8·10−2ei23◦ [cˆ(1)qd ]1211 − 1.4·10−2ei22
◦
[cˆ
(1)
qd ]1232 + 1.2·10−2[cˆ(1)qd ]2313
+ 1.1·10−2ei23◦ [cˆ(1)qd ]2331 + 6.9·10−3ei23
◦
[cˆ
(1)
qd ]1122 − 6.9·10−3ei23
◦
[cˆ
(1)
qd ]1111
− 6.9·10−3ei23◦ [cˆ(1)qd ]2222 + 6.9·10−3ei23
◦
[cˆ
(1)
qd ]2211 , (160)
and
ΣˆBsqd8 = 8.5[cˆ
(8)
qd ]2323 + 2.0[cˆ
(8)
qd ]1323 + 3.5·10−1[cˆ(8)qd ]2223 − 3.4·10−1[cˆ(8)qd ]3323 + 8.0·10−2[cˆ(8)qd ]1223
+ 3.0·10−2e−i73◦ [cˆ(8)qd ]1232 − 1.4·10−2[cˆ(8)qd ]2332 + 6.8·10−3e−i73
◦
[cˆ
(8)
qd ]1123 , (161)
ΣˆBdqd8 = 2.1·102[cˆ(8)qd ]1313 − 4.8·101[cˆ(8)qd ]2313 + 8.5[cˆ(8)qd ]1213 − 2.0[cˆ(8)qd ]2213 + 1.8ei22
◦
[cˆ
(8)
qd ]3313
+ 7.3·10−1e−i73◦ [cˆ(8)qd ]1113 − 1.7·10−1e−i73
◦
[cˆ
(8)
qd ]1231 + 7.4·10−2ei22
◦
[cˆ
(8)
qd ]2331
− 1.6·10−2[cˆ(8)qd ]1312 + 6.3·10−3e−i51
◦
[cˆ
(8)
qd ]1331 , (162)
ΣˆKqd8 = 2.3·104[cˆ(8)qd ]1212 + 5.3·103[cˆ(8)qd ]1112 − 5.3·103[cˆ(8)qd ]2212 − 1.2·103[cˆ(8)qd ]1221
− 9.2·102[cˆ(8)qd ]1312 + 2.1·102[cˆ(8)qd ]2312 + 2.0·102ei22
◦
[cˆ
(8)
qd ]2321 + 4.7·101ei22
◦
[cˆ
(8)
qd ]1321
− 8.1ei23◦ [cˆ(8)qd ]3312 + 1.8[cˆ(8)qd ]1213 + 4.2·10−1[cˆ(8)qd ]1113 − 4.2·10−1[cˆ(8)qd ]2213
− 9.6·10−2[cˆ(8)qd ]1231 − 7.2·10−2[cˆ(8)qd ]1313 − 4.0·10−2ei23
◦
[cˆ
(8)
qd ]1211
+ 4.0·10−2ei23◦ [cˆ(8)qd ]1222 − 1.9·10−2ei22
◦
[cˆ
(8)
qd ]1232 + 1.7·10−2[cˆ(8)qd ]2313
+ 1.6·10−2ei23◦ [cˆ(8)qd ]2331 − 9.7·10−3ei23
◦
[cˆ
(8)
qd ]1111 + 9.7·10−3ei23
◦
[cˆ
(8)
qd ]1122
+ 9.7·10−3ei23◦ [cˆ(8)qd ]2211 − 9.7·10−3ei23
◦
[cˆ
(8)
qd ]2222 . (163)
A.3 C(1)qu and C(8)qu
The only non-vanishing expression following our criteria is in the down-basis
ΣBdqu1 = −5.4·10−3ei22
◦[
c(1)qu
]
1333
, (164)
and in the up basis
ΣˆBdqu1 = −5.2·10−3ei22
◦
[cˆ(1)qu ]1333 . (165)
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A.4 Cdd, Cuu, C(1)ud and C(8)ud
In both bases
ΣBsdd = −9.7·10−1
[
cdd
]
2323
, (166)
ΣBddd = −2.2·101
[
cdd
]
1313
, (167)
ΣKdd = −8.6·101
[
cdd
]
1212
− 6.7·10−3[cdd]1213 , (168)
ΣBsuu = 0 , Σ
Bd
uu = 0 , Σ
K
uu = 0 , (169)
ΣBsud1 = 0 , (170)
ΣBdud1 = 2.3·10−2ei22
◦[
c
(1)
ud
]
3313
, (171)
ΣKud1 = −7.8·10−2ei23
◦[
c
(1)
ud
]
3312
+ 7.9·10−3[c(1)ud ]2312 + 7.6·10−3ei22◦[c(1)ud ]2321 , (172)
ΣBsud8 = −7.4·10−3
[
c
(8)
ud
]
3323
, (173)
ΣBdud8 = 4.0·10−2ei22
◦[
c
(8)
ud
]
3313
, (174)
ΣKud8 = −1.9·10−1ei23
◦[
c
(8)
ud
]
3312
+ 1.9·10−2[c(8)ud ]2312 + 1.8·10−2ei22◦[c(8)ud ]2321 . (175)
A.5 C(1,3)φq , Cφd and Cφu
The only non-vanishing expressions for these WCs in the down and up basis are
ΣBdφq3 = −8.5·10−3ei22
◦[
c
(3)
φq
]
13
, (176)
and
ΣBsφd = 5.7·10−3
[
cφd
]
23
, (177)
ΣBdφd = −3.1·10−2ei22
◦[
cφd
]
13
, (178)
ΣKφd = 1.2·10−1ei23
◦[
cφd
]
12
. (179)
A.6 C(1,8)quqd
For these operators the only non-zero contributions are in the down basis
ΣKquqd1 = −6.2·10−3ei22
◦[
c
(1)
quqd
]
2321
, (180)
and in the up basis
ΣˆKquqd1 = −5.9·10−3ei22
◦
[cˆ
(1)
quqd]2321 . (181)
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A.7 C(1,3)lequ , C(1,3)lq , Cld, Cqe and CuW
The contributions of all the semileptonic Wilson coefficients as well as CuW are negligible.
B NP Master Formulae in the up-basis
In this appendix we present the NP master formulae for the four scenarios under consid-
eration at 5 TeV in the up-basis.
B.1 Z ′
M2Z′ Σˆ
Bs
Z′
(5 TeV)2
= −2.3·103zˆ23q zˆ23d − 5.2·102zˆ13q zˆ23d + 2.1·102zˆ23d zˆ23d + 1.9·102zˆ23q zˆ23q
− 9.3·101zˆ22q zˆ23d + 9.3·101zˆ33q zˆ23d + 4.3·101zˆ13q zˆ23q − 2.2·101zˆ12q zˆ23d
+ 9.8zˆ13q zˆ
13
q − 8.0e−i73
◦
zˆ12q zˆ
32
d + 7.7zˆ
22
q zˆ
23
q − 7.6zˆ23q zˆ33q + 3.8zˆ23q zˆ32d
− 1.8e−i73◦ zˆ11q zˆ23d + 1.8zˆ12q zˆ23q + 1.8zˆ13q zˆ22q − 1.8zˆ13q zˆ33q
− 1.2 Re(zˆφ)zˆ23d + 1.0zˆ33u zˆ23d + 6.6·10−1e−i73
◦
zˆ12q zˆ
32
q + 4.1·10−1zˆ12q zˆ13q
+ 3.3·10−1e−i74◦ zˆ13q zˆ32d + 3.2·10−1zˆ22q zˆ22q − 3.2·10−1zˆ22q zˆ33q − 3.1·10−1zˆ23q zˆ32q
+ 3.1·10−1zˆ33q zˆ33q − 2.6·10−1zˆ23q zˆ33u + 2.3·10−1 Re(zˆφ)zˆ23q
+ 1.5·10−1e−i73◦ zˆ12q zˆ31q + 1.5·10−1e−i73
◦
zˆ11q zˆ
23
q − 1.1·10−1zˆ23u zˆ23d
+ 1.1·10−1zˆ23q zˆ22d − 1.1·10−1zˆ23q zˆ33d + 8.5·10−2e−i18
◦
zˆ12q zˆ
22
q
− 8.5·10−2e−i19◦ zˆ12q zˆ33q − 8.4·10−2e−i19
◦
zˆ13q zˆ
32
q − 5.9·10−2zˆ13q zˆ33u
+ 5.4·10−2 Re(zˆφ)zˆ13q + 3.5·10−2e−i73
◦
zˆ11q zˆ
13
q + 3.1·10−2zˆ23q zˆ23u
+ 2.5·10−2zˆ13q zˆ22d − 2.5·10−2zˆ13q zˆ33d + 1.5·10−2e−i5
◦
zˆ12q zˆ
12
q
+ 1.1·10−2zˆ23d zˆ33d − 1.1·10−2zˆ22q zˆ33u + 1.0·10−2 Re(zˆφ)zˆ22q
+ 1.0·10−2zˆ33q zˆ33u − 9.4·10−3 Re(zˆφ)zˆ33q − 9.3·10−3zˆ22d zˆ23d
+ 7.2·10−3zˆ13q zˆ23u + 6.3·10−3e−i73
◦
zˆ12q zˆ
21
q + 6.3·10−3e−i73
◦
zˆ11q zˆ
22
q
− 6.2·10−3e−i74◦ zˆ11q zˆ33q − 6.2·10−3e−i74
◦
zˆ13q zˆ
31
q + 5.4·10−3e−i11
◦
zˆ23q zˆ
13
d , (182)
M2Z′ Σˆ
Bd
Z′
(5 TeV)2
= −5.5·104zˆ13q zˆ13d + 1.3·104zˆ23q zˆ13d + 4.8·103zˆ13d zˆ13d + 4.3·103zˆ13q zˆ13q
− 2.3·103zˆ12q zˆ13d − 9.9·102zˆ13q zˆ23q + 5.3·102zˆ22q zˆ13d − 5.0·102ei22
◦
zˆ33q zˆ
13
d
+ 2.3·102zˆ23q zˆ23q − 2.0·102e−i73
◦
zˆ11q zˆ
13
d + 1.8·102zˆ12q zˆ13q + 4.5·101e−i73
◦
zˆ12q zˆ
31
d
− 4.1·101zˆ12q zˆ23q − 4.1·101zˆ13q zˆ22q + 3.9·101ei22
◦
zˆ13q zˆ
33
q − 2.0·101ei22
◦
zˆ23q zˆ
31
d
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+ 1.5·101e−i73◦ zˆ11q zˆ13q + 9.4zˆ22q zˆ23q − 8.9ei22
◦
zˆ23q zˆ
33
q + 7.4zˆ
12
q zˆ
12
q
+ 6.6ei22
◦
Re(zˆφ)zˆ
13
d − 5.6ei22
◦
zˆ33u zˆ
13
d − 3.5e−i73
◦
zˆ12q zˆ
31
q − 3.5e−i73
◦
zˆ11q zˆ
23
q
+ 2.7zˆ13q zˆ
12
d − 1.8e−i51
◦
zˆ13q zˆ
31
d − 1.7zˆ12q zˆ22q + 1.6ei23
◦
zˆ12q zˆ
33
q + 1.6e
i23◦ zˆ13q zˆ
32
q
+ 1.3ei22
◦
zˆ13q zˆ
33
u − 1.2ei22
◦
Re(zˆφ)zˆ
13
q + 8.1·10−1e−i68
◦
zˆ12q zˆ
32
q
+ 6.3·10−1e−i72◦ zˆ11q zˆ12q + 6.2·10−1zˆ23u zˆ13d − 6.2·10−1zˆ23q zˆ12d
+ 3.9·10−1zˆ22q zˆ22q − 3.7·10−1ei22
◦
zˆ22q zˆ
33
q − 3.7·10−1ei22
◦
zˆ23q zˆ
32
q
+ 3.5·10−1ei44◦ zˆ33q zˆ33q − 3.0·10−1ei22
◦
zˆ23q zˆ
33
u + 2.7·10−1ei22
◦
Re(zˆφ)zˆ
23
q
− 2.4·10−1zˆ12d zˆ13d − 1.7·10−1zˆ13q zˆ23u − 1.5·10−1e−i73
◦
zˆ12q zˆ
21
q
− 1.5·10−1e−i73◦ zˆ11q zˆ22q + 1.4·10−1e−i51
◦
zˆ11q zˆ
33
q + 1.4·10−1e−i51
◦
zˆ13q zˆ
31
q
+ 1.1·10−1zˆ12q zˆ12d − 6.3·10−2ei23
◦
zˆ13q zˆ
23
d + 5.5·10−2ei23
◦
zˆ12q zˆ
33
u
− 5.4·10−2ei34◦ zˆ11q zˆ11q − 5.2·10−2ei23
◦
Re(zˆφ)zˆ
12
q + 3.8·10−2zˆ23q zˆ23u
+ 3.0·10−2ei21◦ zˆ13q zˆ33d − 3.0·10−2ei21
◦
zˆ13q zˆ
11
d − 2.6·10−2zˆ22q zˆ12d
+ 2.4·10−2ei21◦ zˆ33q zˆ12d + 1.4·10−2ei23
◦
zˆ23q zˆ
23
d − 1.3·10−2ei22
◦
zˆ22q zˆ
33
u
+ 1.2·10−2ei22◦ Re(zˆφ)zˆ22q + 1.1·10−2ei44
◦
zˆ33q zˆ
33
u − 1.0·10−2ei44
◦
Re(zˆφ)zˆ
33
q
+ 9.6·10−3e−i74◦ zˆ11q zˆ12d − 7.2·10−3ei22
◦
zˆ13d zˆ
33
d − 7.1·10−3zˆ12q zˆ23u
− 6.6·10−3ei22◦ zˆ23q zˆ33d + 6.6·10−3ei22
◦
zˆ23q zˆ
11
d + 5.5·10−3ei23
◦
zˆ13d zˆ
23
d
− 5.4·10−3zˆ13u zˆ13d − 5.3·10−3ei22
◦
zˆ12d zˆ
23
d , (183)
M2Z′ Σˆ
K
Z′
(5 TeV)2
= −5.0·106zˆ12q zˆ12d − 1.2·106zˆ11q zˆ12d + 1.2·106zˆ22q zˆ12d + 2.7·105zˆ12q zˆ21d
+ 2.0·105zˆ13q zˆ12d − 4.7·104zˆ23q zˆ12d − 4.5·104ei22
◦
zˆ23q zˆ
21
d + 1.8·104zˆ12d zˆ12d
+ 1.6·104zˆ12q zˆ12q − 1.0·104ei22
◦
zˆ13q zˆ
21
d + 3.5·103zˆ11q zˆ12q − 3.5·103zˆ12q zˆ22q
+ 1.8·103ei23◦ zˆ33q zˆ12d + 8.5·102zˆ11q zˆ11q − 8.5·102zˆ12q zˆ21q − 8.5·102zˆ11q zˆ22q
+ 8.5·102zˆ22q zˆ22q − 6.5·102zˆ12q zˆ13q − 2.5·102zˆ12q zˆ13d − 1.4·102zˆ11q zˆ13q
+ 1.4·102zˆ13q zˆ22q + 1.4·102zˆ12q zˆ23q + 1.4·102ei23
◦
zˆ12q zˆ
32
q + 6.6·101ei11
◦
zˆ11q zˆ
23
q
+ 6.6·101ei11◦ zˆ12q zˆ31q − 6.6·101ei11
◦
zˆ22q zˆ
23
q − 5.6·101zˆ11q zˆ13d + 5.6·101zˆ22q zˆ13d
+ 2.7·101zˆ13q zˆ13q − 2.5·101ei23
◦
Re(zˆφ)zˆ
12
d + 2.0·101ei23
◦
zˆ33u zˆ
12
d + 1.3·101zˆ12q zˆ31d
+ 1.0·101zˆ13q zˆ13d − 5.9zˆ13q zˆ23q − 5.6ei23
◦
zˆ12q zˆ
33
q − 5.5ei23
◦
zˆ13q zˆ
32
q + 2.6e
i22◦ zˆ12q zˆ
32
d
+ 2.5ei22
◦
zˆ23q zˆ
23
q + 2.5e
i57◦ zˆ12q zˆ
11
d − 2.5ei57
◦
zˆ12q zˆ
22
d − 2.3zˆ23q zˆ13d
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− 2.2ei23◦ zˆ23q zˆ31d − 2.1zˆ23u zˆ12d − 2.0ei22
◦
zˆ23u zˆ
21
d + 1.5e
i20◦ zˆ22q zˆ
22
d
− 1.5ei20◦ zˆ22q zˆ11d − 1.4ei23
◦
zˆ11q zˆ
33
q + 1.3e
i23◦ zˆ22q zˆ
33
q − 1.3ei23
◦
zˆ13q zˆ
31
q
+ 1.3ei23
◦
zˆ23q zˆ
32
q − 1.1ei27
◦
zˆ11q zˆ
22
d + 1.1e
i27◦ zˆ11q zˆ
11
d + 9.0·10−1zˆ12d zˆ13d
+ 6.1·10−1ei22◦ zˆ11q zˆ23d − 6.0·10−1ei22
◦
zˆ22q zˆ
23
d − 5.0·10−1ei23
◦
zˆ13q zˆ
31
d
+ 2.3·10−1ei23◦ zˆ13q zˆ33q + 2.3·10−1ei22
◦
zˆ13q zˆ
22
d − 2.3·10−1ei22
◦
zˆ13q zˆ
11
d
− 2.0·10−1ei23◦ zˆ12q zˆ33u + 1.9·10−1zˆ22u zˆ12d + 1.9·10−1ei23
◦
Re(zˆφ)zˆ
12
q
− 1.4·10−1ei22◦ zˆ12q zˆ23d − 1.1·10−1ei23
◦
zˆ13q zˆ
32
d − 1.1·10−1ei34
◦
zˆ23q zˆ
33
q
− 1.0·10−1ei34◦ zˆ23q zˆ22d + 1.0·10−1ei34
◦
zˆ23q zˆ
11
d + 9.0·10−2ei24
◦
zˆ33q zˆ
13
d
− 4.8·10−2ei23◦ zˆ11q zˆ33u + 4.8·10−2ei23
◦
zˆ22q zˆ
33
u + 4.6·10−2ei23
◦
Re(zˆφ)zˆ
11
q
− 4.6·10−2ei23◦ Re(zˆφ)zˆ22q + 4.1·10−2ei23
◦
zˆ12d zˆ
22
d + 2.5·10−2zˆ12q zˆ23u
+ 2.5·10−2ei23◦ zˆ23q zˆ32d + 2.4·10−2ei22
◦
zˆ13d zˆ
32
d + 2.4·10−2ei23
◦
zˆ12q zˆ
32
u
+ 2.3·10−2ei44◦ zˆ23q zˆ23d + 1.8·10−2zˆ13u zˆ12d + 1.2·10−2ei11
◦
zˆ11q zˆ
23
u
− 1.2·10−2ei11◦ zˆ22q zˆ23u − 9.5·10−3ei22
◦
zˆ12d zˆ
32
d + 8.1·10−3ei23
◦
zˆ11u zˆ
12
d
+ 7.7·10−3ei23◦ zˆ13q zˆ33u − 7.3·10−3ei23
◦
Re(zˆφ)zˆ
13
q + 5.4·10−3ei44
◦
zˆ13q zˆ
23
d . (184)
B.2 G′
M2G′ Σˆ
Bs
G′
(5 TeV)2
= −2.6·103gˆ23q gˆ23d − 6.0·102gˆ13q gˆ23d − 1.1·102gˆ22q gˆ23d + 1.1·102gˆ33q gˆ23d
+ 6.9·101gˆ23d gˆ23d + 6.2·101gˆ23q gˆ23q − 2.5·101gˆ12q gˆ23d + 1.4·101gˆ13q gˆ23q
− 9.3e−i73◦ gˆ12q gˆ32d + 4.4gˆ23q gˆ32d + 3.3gˆ13q gˆ13q − 2.5gˆ23q gˆ33q + 2.5gˆ23q gˆ22q
− 2.1e−i73◦ gˆ11q gˆ23d + 1.5gˆ33u gˆ23d + 5.8·10−1gˆ12q gˆ23q + 5.8·10−1gˆ13q gˆ22q
− 5.9·10−1gˆ13q gˆ33q + 3.8·10−1e−i74
◦
gˆ13q gˆ
32
d + 2.2·10−1e−i73
◦
gˆ12q gˆ
32
q
− 1.6·10−1gˆ23u gˆ23d + 1.4·10−1gˆ12q gˆ13q + 1.3·10−1gˆ23q gˆ22d − 1.3·10−1gˆ23q gˆ33d
+ 1.1·10−1gˆ22q gˆ22q − 1.1·10−1gˆ22q gˆ33q − 1.1·10−1gˆ23q gˆ32q + 1.0·10−1gˆ33q gˆ33q
− 1.0·10−1gˆ23q gˆ33u + 7.5·10−2e−i73
◦
gˆ11q gˆ
32
q + 7.5·10−2e−i73
◦
gˆ13q gˆ
21
q + 2.9·10−2gˆ13q gˆ22d
− 2.9·10−2gˆ13q gˆ33d − 2.8·10−2e−i19
◦
gˆ12q gˆ
33
q − 2.8·10−2e−i19
◦
gˆ13q gˆ
32
q
+ 2.8·10−2e−i18◦ gˆ12q gˆ22q − 2.5·10−2e−i73
◦
gˆ12q gˆ
31
q − 2.5·10−2e−i73
◦
gˆ11q gˆ
23
q
− 2.4·10−2gˆ13q gˆ33u + 1.4·10−2gˆ23q gˆ23u + 1.2·10−2e−i73
◦
gˆ11q gˆ
13
d + 7.4·10−3e−i10
◦
gˆ23q gˆ
13
d
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+ 6.5·10−3gˆ23q gˆ31d − 6.0·10−3e−i3
◦
gˆ33q gˆ
13
d + 5.3·10−3gˆ22q gˆ22d − 5.3·10−3gˆ22q gˆ33d
−5.3·10−3gˆ33q gˆ22d +5.2·10−3gˆ33q gˆ33d −5.0·10−3gˆ22q gˆ13d +5.0·10−3e−i5
◦
gˆ12q gˆ
12
q , (185)
M2G′ Σˆ
Bd
G′
(5 TeV)2
= −6.4·104gˆ13q gˆ13d + 1.5·104gˆ23q gˆ13d − 2.6·103gˆ12q gˆ13d + 1.6·103gˆ13d gˆ13d
+ 1.4·103gˆ13q gˆ13q + 6.1·102gˆ22q gˆ13d − 5.7·102ei22
◦
gˆ33q gˆ
13
d − 3.3·102gˆ13q gˆ23q
− 2.3·102e−i73◦ gˆ11q gˆ13d + 7.6·101gˆ23q gˆ23q + 6.0·101gˆ12q gˆ13q + 5.2·101e−i73
◦
gˆ12q gˆ
31
d
− 2.4·101ei22◦ gˆ23q gˆ31d − 1.4·101gˆ12q gˆ23q − 1.4·101gˆ13q gˆ22q + 1.3·101ei22
◦
gˆ13q gˆ
33
q
− 7.9ei22◦ gˆ33u gˆ13d + 5.2e−i73
◦
gˆ13q gˆ
11
q + 3.2gˆ
22
q gˆ
23
q + 3.1gˆ
13
q gˆ
12
d − 3.0ei22
◦
gˆ23q gˆ
33
q
+ 2.5gˆ12q gˆ
12
q − 2.0e−i51
◦
gˆ13q gˆ
31
d − 1.8e−i73
◦
gˆ11q gˆ
32
q − 1.8e−i73
◦
gˆ13q gˆ
21
q
+ 8.7·10−1gˆ23u gˆ13d − 7.2·10−1gˆ23q gˆ12d + 5.8·10−1e−i73
◦
gˆ12q gˆ
31
q + 5.8·10−1e−i73
◦
gˆ11q gˆ
23
q
− 5.6·10−1gˆ12q gˆ22q + 5.3·10−1ei23
◦
gˆ13q gˆ
32
q + 5.3·10−1ei23
◦
gˆ12q gˆ
33
q
+ 5.1·10−1ei22◦ gˆ13q gˆ33u + 2.7·10−1e−i68
◦
gˆ12q gˆ
32
q + 2.2·10−1e−i72
◦
gˆ12q gˆ
11
q
+ 1.3·10−1gˆ22q gˆ22q + 1.3·10−1gˆ12q gˆ12d − 1.2·10−1ei22
◦
gˆ23q gˆ
32
q
− 1.2·10−1ei22◦ gˆ22q gˆ33q − 1.2·10−1ei22
◦
gˆ23q gˆ
33
u + 1.2·10−1ei44
◦
gˆ33q gˆ
33
q
− 7.8·10−2gˆ12d gˆ13d − 7.3·10−2gˆ13q gˆ23u − 7.3·10−2ei23
◦
gˆ23d gˆ
13
q − 4.8·10−2e−i73
◦
gˆ11q gˆ
22
q
− 4.8·10−2e−i73◦ gˆ12q gˆ21q + 4.7·10−2e−i51
◦
gˆ13q gˆ
31
q + 4.4·10−2e−i51
◦
gˆ11q gˆ
33
q
− 3.6·10−2ei21◦ gˆ11d gˆ13q + 3.5·10−2ei21
◦
gˆ33d gˆ
13
q − 3.0·10−2gˆ12d gˆ22q
+ 2.8·10−2ei21◦ gˆ12d gˆ33q + 2.3·10−2ei23
◦
gˆ12q gˆ
33
u − 1.8·10−2ei34
◦
gˆ11q gˆ
11
q
+ 1.7·10−2gˆ23q gˆ23u + 1.6·10−2ei23
◦
gˆ23d gˆ
23
q + 1.1·10−2e−i74
◦
gˆ12d gˆ
11
q
+ 7.8·10−3ei22◦ gˆ23q gˆ11d − 7.6·10−3gˆ13u gˆ13d − 7.4·10−3ei22
◦
gˆ23q gˆ
33
d
− 5.5·10−3ei22◦ gˆ11u gˆ13d − 5.4·10−3ei22
◦
gˆ22u gˆ
13
d − 5.3·10−3ei22
◦
gˆ22q gˆ
33
u , (186)
M2G′ Σˆ
K
G′
(5 TeV)2
= −7.2·106gˆ12q gˆ12d − 1.6·106gˆ11q gˆ12d + 1.6·106gˆ22q gˆ12d + 3.8·105gˆ12q gˆ21d
+ 2.9·105gˆ13q gˆ12d − 6.7·104gˆ23q gˆ12d − 6.4·104ei22
◦
gˆ23q gˆ
21
d − 1.5·104ei22
◦
gˆ13q gˆ
21
d
+ 6.1·103gˆ12d gˆ12d + 5.3·103gˆ12q gˆ12q + 2.6·103ei23
◦
gˆ33q gˆ
12
d − 1.2·103gˆ12q gˆ22q
+ 1.2·103gˆ11q gˆ12q − 3.5·102gˆ13d gˆ12q − 2.8·102gˆ11q gˆ22q − 2.8·102gˆ12q gˆ21q
+ 2.8·102gˆ22q gˆ22q + 2.8·102gˆ11q gˆ11q − 2.2·102gˆ12q gˆ13q − 8.1·101gˆ13d gˆ11q
+ 8.0·101gˆ13d gˆ22q + 4.8·101gˆ12q gˆ23q + 4.8·101gˆ13q gˆ22q − 4.8·101gˆ11q gˆ13q
+ 4.5·101ei23◦ gˆ12q gˆ32q + 3.8·101ei23
◦
gˆ12d gˆ
33
u + 3.3·101ei11
◦
gˆ11q gˆ
32
q
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+ 3.3·101ei11◦ gˆ13q gˆ21q − 2.2·101ei11
◦
gˆ22q gˆ
23
q + 1.9·101gˆ31d gˆ12q + 1.4·101gˆ13d gˆ13q
− 1.1·101ei11◦ gˆ12q gˆ31q − 1.1·101ei11
◦
gˆ11q gˆ
23
q + 8.8gˆ
13
q gˆ
13
q − 4.2gˆ12d gˆ23u
− 4.2ei22◦ gˆ21d gˆ23u + 3.8ei22
◦
gˆ32d gˆ
12
q − 3.3gˆ13d gˆ23q − 3.1ei23
◦
gˆ31d gˆ
23
q − 3.2ei87
◦
gˆ22d gˆ
12
q
+ 3.2ei87
◦
gˆ11d gˆ
12
q + 2.3e
i19◦ gˆ22d gˆ
22
q − 2.3ei19
◦
gˆ11d gˆ
22
q − 2.0gˆ13q gˆ23q − 1.8ei23
◦
gˆ12q gˆ
33
q
− 1.8ei23◦ gˆ13q gˆ32q − 1.5ei29
◦
gˆ22d gˆ
11
q + 1.5e
i29◦ gˆ11d gˆ
11
q + 8.7·10−1ei22
◦
gˆ23d gˆ
11
q
− 8.6·10−1ei22◦ gˆ23d gˆ22q + 8.3·10−1ei22
◦
gˆ23q gˆ
23
q − 7.2·10−1ei23
◦
gˆ31d gˆ
13
q
+ 4.5·10−1ei23◦ gˆ22q gˆ33q − 4.5·10−1ei23
◦
gˆ11q gˆ
33
q + 4.5·10−1ei23
◦
gˆ23q gˆ
32
q
− 4.5·10−1ei23◦ gˆ13q gˆ31q + 3.9·10−1gˆ12d gˆ22u + 3.3·10−1ei22
◦
gˆ22d gˆ
13
q
− 3.3·10−1ei22◦ gˆ11d gˆ13q + 3.0·10−1gˆ12d gˆ13d − 2.0·10−1ei22
◦
gˆ23d gˆ
12
q
− 1.5·10−1ei23◦ gˆ32d gˆ13q − 1.4·10−1ei34
◦
gˆ22d gˆ
23
q + 1.4·10−1ei34
◦
gˆ11d gˆ
23
q
+ 1.3·10−1ei24◦ gˆ13d gˆ33q − 8.2·10−2ei23
◦
gˆ12q gˆ
33
u + 7.7·10−2ei23
◦
gˆ13q gˆ
33
q
+ 3.6·10−2gˆ12d gˆ13u − 3.5·10−2ei34
◦
gˆ23q gˆ
33
q + 3.5·10−2ei23
◦
gˆ32d gˆ
23
q
+ 3.4·10−2ei44◦ gˆ23d gˆ23q + 2.5·10−2ei22
◦
gˆ12d gˆ
11
u + 2.0·10−2ei23
◦
gˆ22q gˆ
33
u
− 2.0·10−2ei23◦ gˆ11q gˆ33u + 1.4·10−2ei23
◦
gˆ12d gˆ
22
d + 1.2·10−2ei22
◦
gˆ12d gˆ
33
d
+ 1.1·10−2gˆ12q gˆ23u + 1.0·10−2ei23
◦
gˆ12q gˆ
32
u + 7.7·10−3ei44
◦
gˆ23d gˆ
13
q
− 5.4·10−3ei22◦ gˆ13d gˆ32d − 5.0·10−3ei11
◦
gˆ22q gˆ
23
u + 5.0·10−3ei11
◦
gˆ11q gˆ
23
u . (187)
B.3 ϕ
M2ϕ Σˆ
Bs
ϕ
(5 TeV)2
= −3.0·103Yˆ 32d Yˆ 23∗d − 6.9·102Yˆ 31d Yˆ 23∗d − 1.2·102Yˆ 32d Yˆ 22∗d + 1.2·102Yˆ 33d Yˆ 23∗d
− 2.9·101Yˆ 31d Yˆ 22∗d − 1.1·101e−i73
◦
Yˆ 21d Yˆ
32∗
d + 5.0Yˆ
22
d Yˆ
33∗
d − 2.4e−i73
◦
Yˆ 31d Yˆ
21∗
d
+ 4.3·10−1e−i74◦Yˆ 21d Yˆ 33∗d − 1.5·10−1Yˆ 33u Yˆ 23∗u + 1.5·10−1Yˆ 22d Yˆ 23∗d
− 1.4·10−1Yˆ 32d Yˆ 33∗d + 3.4·10−2Yˆ 21d Yˆ 23∗d − 3.4·10−2Yˆ 31d Yˆ 33∗d
− 3.4·10−2Yˆ 33u Yˆ 13∗u + 1.9·10−2Yˆ 32u Yˆ 23∗u + 8.3·10−3e−i10
◦
Yˆ 32d Yˆ
13∗
d
+ 7.2·10−3Yˆ 12d Yˆ 33∗d − 6.7·10−3e−i3
◦
Yˆ 33d Yˆ
13∗
d − 6.4·10−3Yˆ 23u Yˆ 23∗u
+ 6.1·10−3Yˆ 22d Yˆ 22∗d − 6.1·10−3Yˆ 32d Yˆ 32∗d − 6.0·10−3Yˆ 23d Yˆ 23∗d
+ 6.0·10−3Yˆ 33d Yˆ 33∗d + 5.7·10−3Yˆ 33u Yˆ 33∗u − 5.6·10−3Yˆ 32d Yˆ 12∗d , (188)
M2ϕ Σˆ
Bd
ϕ
(5 TeV)2
= −7.3·104Yˆ 31d Yˆ 13∗d + 1.7·104Yˆ 32d Yˆ 13∗d − 3.0·103Yˆ 31d Yˆ 12∗d + 7.0·102Yˆ 32d Yˆ 12∗d
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− 6.6·102ei22◦Yˆ 33d Yˆ 13∗d − 2.6·102e−i73
◦
Yˆ 31d Yˆ
11∗
d + 6.0·101e−i73
◦
Yˆ 11d Yˆ
32∗
d
− 2.7·101ei22◦Yˆ 12d Yˆ 33∗d + 3.6Yˆ 21d Yˆ 13∗d − 2.3e−i51
◦
Yˆ 11d Yˆ
33∗
d − 8.2·10−1Yˆ 22d Yˆ 13∗d
+ 7.2·10−1ei22◦Yˆ 33u Yˆ 13∗u − 1.7·10−1ei22
◦
Yˆ 33u Yˆ
23∗
u + 1.5·10−1Yˆ 21d Yˆ 12∗d
− 1.0·10−1Yˆ 32u Yˆ 13∗u − 8.3·10−2ei23
◦
Yˆ 31d Yˆ
23∗
d − 4.0·10−2ei21
◦
Yˆ 11d Yˆ
13∗
d
+ 4.0·10−2ei21◦Yˆ 31d Yˆ 33∗d − 3.4·10−2Yˆ 22d Yˆ 12∗d + 3.2·10−2ei23
◦
Yˆ 23u Yˆ
13∗
u
+ 3.2·10−2ei21◦Yˆ 23d Yˆ 13∗d + 2.3·10−2Yˆ 32u Yˆ 23∗u + 1.9·10−2ei23
◦
Yˆ 32d Yˆ
23∗
d
+ 1.3·10−2e−i74◦Yˆ 21d Yˆ 11∗d + 9.0·10−3ei22
◦
Yˆ 12d Yˆ
13∗
d − 8.5·10−3ei22
◦
Yˆ 32d Yˆ
33∗
d
− 7.4·10−3ei22◦Yˆ 23u Yˆ 23∗u + 6.3·10−3ei44
◦
Yˆ 33u Yˆ
33∗
u , (189)
M2ϕ Σˆ
K
ϕ
(5 TeV)2
= −8.0·106Yˆ 21d Yˆ 12∗d − 1.8·106Yˆ 21d Yˆ 11∗d + 1.8·106Yˆ 22d Yˆ 12∗d + 4.2·105Yˆ 11d Yˆ 22∗d
+ 3.3·105Yˆ 21d Yˆ 13∗d − 7.5·104Yˆ 22d Yˆ 13∗d − 7.1·104ei22
◦
Yˆ 12d Yˆ
23∗
d
− 1.6·104ei22◦Yˆ 11d Yˆ 23∗d + 2.9·103ei23
◦
Yˆ 23d Yˆ
13∗
d − 3.9·102Yˆ 31d Yˆ 12∗d
− 9.0·101Yˆ 31d Yˆ 11∗d + 9.0·101Yˆ 32d Yˆ 12∗d + 2.1·101Yˆ 11d Yˆ 32∗d + 1.6·101Yˆ 31d Yˆ 13∗d
+ 4.2ei22
◦
Yˆ 21d Yˆ
32∗
d − 3.7Yˆ 32d Yˆ 13∗d − 3.5ei23
◦
Yˆ 12d Yˆ
33∗
d + 3.3e
i83◦Yˆ 11d Yˆ
12∗
d
− 3.3ei83◦Yˆ 21d Yˆ 22∗d + 2.5ei19
◦
Yˆ 22d Yˆ
22∗
d − 2.5ei19
◦
Yˆ 12d Yˆ
12∗
d − 1.7ei29
◦
Yˆ 21d Yˆ
21∗
d
+ 1.7ei29
◦
Yˆ 11d Yˆ
11∗
d + 9.7·10−1ei22
◦
Yˆ 31d Yˆ
21∗
d − 9.6·10−1ei22
◦
Yˆ 32d Yˆ
22∗
d
− 8.0·10−1ei23◦Yˆ 11d Yˆ 33∗d + 3.6·10−1ei22
◦
Yˆ 21d Yˆ
23∗
d − 3.6·10−1ei22
◦
Yˆ 11d Yˆ
13∗
d
− 2.2·10−1ei22◦Yˆ 31d Yˆ 22∗d − 1.7·10−1ei23
◦
Yˆ 21d Yˆ
33∗
d − 1.6·10−1eei34
◦
Yˆ 22d Yˆ
23∗
d
+ 1.6·10−1ei34◦Yˆ 12d Yˆ 13∗d + 1.4·10−1ei24
◦
Yˆ 33d Yˆ
13∗
d − 1.2·10−1ei23
◦
Yˆ 23u Yˆ
13∗
u
+ 3.9·10−2ei23◦Yˆ 22d Yˆ 33∗d + 3.7·10−2ei44
◦
Yˆ 32d Yˆ
23∗
d − 2.8·10−2ei23
◦
Yˆ 13u Yˆ
13∗
u
+ 2.8·10−2ei23◦Yˆ 23u Yˆ 23∗u + 1.5·10−2Yˆ 22u Yˆ 13∗u + 1.4·10−2ei23
◦
Yˆ 23u Yˆ
12∗
u
+ 8.6·10−3ei44◦Yˆ 31d Yˆ 23∗d + 7.0·10−3ei11
◦
Yˆ 12u Yˆ
13∗
u − 7.0·10−3ei11
◦
Yˆ 22u Yˆ
23∗
u . (190)
B.4 ΦA
M2Φ Σˆ
Bs
Φ
(5 TeV)2
= −6.6·101Xˆ32d Xˆ23∗d − 1.5·101Xˆ31d Xˆ23∗d − 2.7Xˆ32d Xˆ22∗d + 2.7Xˆ33d Xˆ23∗d
− 6.3·10−1Xˆ31d Xˆ22∗d − 2.3·10−1e−i73
◦
Xˆ21d Xˆ
32∗
d + 1.1·10−1Xˆ22d Xˆ33∗d
− 5.4·10−2e−i72◦Xˆ31d Xˆ21∗d − 4.0·10−2Xˆ33u Xˆ23∗u + 9.5·10−3e−i74
◦
Xˆ21d Xˆ
33∗
d
− 9.1·10−3Xˆ33u Xˆ13∗u , (191)
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M2Φ Σˆ
Bd
Φ
(5 TeV)2
= −1.6·103Xˆ31d Xˆ13∗d + 3.8·102Xˆ32d Xˆ13∗d − 6.8·101Xˆ31d Xˆ12∗d + 1.6·101Xˆ32d Xˆ12∗d
− 1.5·101ei22◦Xˆ33d Xˆ13∗d − 5.8e−i73
◦
Xˆ31d Xˆ
11∗
d + 1.3e
−i73◦Xˆ11d Xˆ
32∗
d
− 6.0·10−1ei22◦Xˆ12d Xˆ33∗d + 2.0·10−1ei22
◦
Xˆ33u Xˆ
13∗
u + 8.0·10−2Xˆ21d Xˆ13∗d
− 5.2·10−2e−i51◦Xˆ11d Xˆ33∗d − 4.7·10−2ei22
◦
Xˆ33u Xˆ
23∗
u − 2.5·10−2Xˆ32u Xˆ13∗u
− 1.8·10−2Xˆ22d Xˆ13∗d + 8.4·10−3ei23
◦
Xˆ23u Xˆ
13∗
u + 5.8·10−3Xˆ32u Xˆ23∗u , (192)
M2Φ Σˆ
K
Φ
(5 TeV)2
= 7.9·104Xˆ21d Xˆ12∗d + 1.8·104Xˆ21d Xˆ11∗d − 1.8·104Xˆ22d Xˆ12∗d
− 4.2·103Xˆ11d Xˆ22∗d − 3.2·103Xˆ21d Xˆ13∗d + 7.4·102Xˆ22d Xˆ13∗d
+ 7.1·102ei22◦Xˆ12d Xˆ23∗d + 1.6·102ei22
◦
Xˆ11d Xˆ
23∗
d − 2.9·101ei23
◦
Xˆ23d Xˆ
13∗
d
+ 3.9Xˆ31d Xˆ
12∗
d + 8.9·10−1Xˆ31d Xˆ11∗d − 8.9·10−1Xˆ32d Xˆ12∗d
− 2.7·10−1e−i7◦Xˆ21d Xˆ22∗d + 2.7·10−1e−i7
◦
Xˆ11d Xˆ
12∗
d − 2.1·10−1Xˆ11d Xˆ32∗d
− 1.6·10−1Xˆ31d Xˆ13∗d − 4.2·10−2ei22
◦
Xˆ21d Xˆ
32∗
d − 4.0·10−2ei11
◦
Xˆ22d Xˆ
22∗
d
+ 4.0·10−2ei11◦Xˆ12d Xˆ12∗d + 3.6·10−2Xˆ32d Xˆ13∗d + 3.5·10−2ei23
◦
Xˆ12d Xˆ
33∗
d
− 3.0·10−2ei23◦Xˆ23u Xˆ13∗u − 9.6·10−3ei22
◦
Xˆ31d Xˆ
21∗
d + 9.6·10−3ei22
◦
Xˆ32d Xˆ
22∗
d
− 8.1·10−3e−i80◦Xˆ21d Xˆ21∗d + 8.1·10−3e−i80
◦
Xˆ11d Xˆ
11∗
d + 8.0·10−3ei23
◦
Xˆ11d Xˆ
33∗
d
− 7.3·10−3ei23◦Xˆ13u Xˆ13∗u + 7.3·10−3ei23
◦
Xˆ23u Xˆ
23∗
u . (193)
C LEFT bases changes
The transformation of the Wilson coefficients between the various LEFT bases read:
SUSY → BMU:
CVLL = C1 , CLR,1 = −
1
2
C5 , CLR,2 = C4 , (194)
JMS → BMU:
CVLL = C
V,LL
dd , CLR,1 = C
V 1,LR
dd −
1
6
CV 8,LRdd , CLR,2 = −CV 8,LRdd , (195)
BMU → JMS:
CV,LLdd = CVLL, C
V 1,LR
dd = CLR,1 −
1
6
CLR,2, C
V 8,LR
dd = −CLR,2, (196)
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SUSY → JMS:
CV,LLdd = C1 , C
V 1,LR
dd =
1
6
C4 +
1
2
C5 , C
V 8,LR
dd = C4 , (197)
JMS → SUSY:
C1 = C
V,LL
dd , C4 = C
V 1,LR
dd , C5 = 2C
V 1,LR
dd −
1
3
CV 8,LRdd , (198)
where we have omitted flavour indices [Ca]ijij on all Wilson coefficients.
Here we report the basis transformation from the JMS basis to the SUSY operator
basis introduced in [13]. The basis change can be written in a compact form as:
Qij1 = [Q
V,LL
aa ]ijij , Q
ij
5 = −
1
2
[QV 1,LRaa ]ijij ,
Qij2 = [Q
S1,RR †
aa ]jiji , Q
ij
1′ = [Q
V,RR
aa ]ijij ,
Qij3 =
1
3
[QS1,RR †aa ]jiji + 2 [Q
S8,RR †
aa ]jiji , Q
ij
2′ = [Q
S1,RR
aa ]ijij ,
Qij4 = −
1
6
[QV 1,LRaa ]ijij − [QV 8,LRaa ]ijij , Qij3′ =
1
3
[QS1,RRaa ]ijij + 2 [Q
S8,RR
aa ]ijij ,
(199)
where we have for the down-(aa = dd) and up-sector (aa = uu), respectively.
D SMEFT one-loop matching
We report the matching of the SMEFT Wilson coefficient onto LEFT (JMS basis) derived
in Ref. [14]. The SMEFT Wilson coefficients are given in the down-basis as opposed to [14].
Furthermore, the matching is performed in a redundant basis containing operators which
are related to each other. For our purpose we adopt the non-redundant basis defined
in [53] and find for K0− K¯0 and Bs,d− B¯s,d down-type meson mixing in the down-basis
[CV,LLdd ]ijij = −
α
pis2W
([C(1)qq ]ijij + [C(3)qq ]ijij) I3(mW ,mZ , µew)
− 2αλ
im
t λ
nj
t
pis2W
([C(1)qq ]ijmn + [C(1)qq ]mnij − [C(3)qq ]ijmn − [C(3)qq ]mnij
+ 2
[C(3)qq ]inmj + 2[C(3)qq ]mjin) J(xt)
− α
pis2W
[
λimt
([C(1)qq ]mjij + [C(1)qq ]ijmj + [C(3)qq ]mjij + [C(3)qq ]ijmj)
+ λmjt
([C(1)qq ]imij + [C(1)qq ]ijim + [C(3)qq ]imij + [C(3)qq ]ijim)]K(xt, µew)
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+
αλijt
pis2W
[C(1)φq ]ijI1(xt, µew)− αλijtpis2W [C(3)φq ]ijI2(xt, µew)
+
αλijt
4pis2W
(
λimt
[C(3)φq ]mj + λmjt [C(3)φq ]im)S0(xt)
− αλ
ij
t
pis2W
([C(1)qu ]ij33 + Nc − 12Nc [C(8)qu ]ij33
)
I1(xt, µew)
+
αλijt
pis2W
([CuW ]i3V3j + [CuW ]∗j3V ∗3i) I4(xt, µew) , (200)
[CV 1,LRdd ]ijij = −
α
pis2W
[C(1)qd ]ijijI5(mW ,mZ , µew) + αλijtpis2W [Cφd]ijI1(xt, µew)
− αλ
ij
t
pis2W
[C(1)ud ]33ijI1(xt, µew)− αpis2W
(
λimt
[C(1)qd ]mjij + λmjt [C(1)qd ]imij)K(xt, µew)
− 2αλ
ij
t λ
mn
t
pis2W
[C(1)qd ]nmijJ(xt) , (201)
[CV 8,LRdd ]ijij = −
α
pis2W
[C(8)qd ]ijijI5(mW ,mZ , µew)− 2αλijt λmntpis2W [C(8)qd ]nmijJ(xt) (202)
− αλ
ij
t
pis2W
[C(8)ud ]33ijI1(xt, µew)− αpis2W
(
λimt
[C(8)qd ]mjij + λmjt [C(8)qd ]imij)K(xt, µew) ,
[CV,RRdd ]ijij = −
α
pis2W
[Cdd]ijijI6(mW ,mZ , µew) , (203)
where we use xt = m
2
t/m
2
W and the loop-functions:
K(x, µew) = −3x(1 + x)
64(x− 1) +
x(4− 2x+ x2)
32(x− 1)2 lnx−
x
16
ln
µew
mW
, (204)
I1(x, µew) = − x(x− 7)
32(x− 1) −
x(x2 − 2x+ 4)
16(x− 1)2 lnx+
x
8
ln
µew
mW
, (205)
I2(x, µew) =
7x2 − 25x
32(x− 1) −
x(x2 − 14x+ 4)
16(x− 1)2 lnx+
x
8
ln
µew
mW
, (206)
I4(x) =
3x3/2(x+ 1)
8
√
2(x− 1)2 −
3
√
xx2
4
√
2(x− 1)3 lnx , (207)
J(x) =
x
16
, (208)
S0(x) =
x(x2 − 11x+ 4)
4(x− 1)2 +
3x3
2(x− 1)3 lnx , (209)
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I3(mW ,mZ , µew) = −11(2m
2
W +m
2
Z)
2
144m2Wm
2
Z
− (2m
2
W +m
2
Z)
2
12m2Wm
2
Z
ln
µew
mZ
, (210)
I5(mW ,mZ , µew) =
−2m4W +m2Wm2Z +m4Z
72m2Wm
2
Z
+
−m4Z −m2Wm2Z + 2m4W
6m2Wm
2
Z
ln
µew
mZ
, (211)
I6(mW ,mZ , µew) = −11(m
2
W −m2Z)2
36m2Wm
2
Z
− (m
2
W −m2Z)2
3m2Wm
2
Z
ln
µew
mZ
. (212)
The remaining Wilson coefficients CS1,RRdd and C
S8,RR
dd do not get a matching contribution
neither at tree-level nor at one-loop.
For the up-sector one finds at one-loop for D0 − D¯0 up-type meson mixing in the
up-basis:
[CV,LLuu ]ijij = −
α
pis2W
(
[Cˆ(1)qq ]ijij + [Cˆ(3)qq ]ijij
)
I7(mW ,mZ , µew) , (213)
[CV 1,LRuu ]ijij = −
α
pis2W
[Cˆ(1)qu ]ijij I8(mW ,mZ , µew) , (214)
[CV 8,LRuu ]ijij = −
α
pis2W
[Cˆ(8)qu ]ijij I8(mW ,mZ , µew) , (215)
[CV,RRuu ]ijij = −
4α
pis2W
[Cˆuu]ijij I6(mW ,mZ , µew) , (216)
with the loop functions
I7(mW ,mZ , µew) = −11(m
2
Z − 4m2W )2
144m2Wm
2
Z
− (m
2
Z − 4m2W )2
12m2Wm
2
Z
ln
µew
mZ
, (217)
I8(mW ,mZ , µew) =
(4m4W − 5m2Wm2Z +m4Z)
36m2Wm
2
Z
(
−1 + 12 ln µew
mZ
)
. (218)
E The Issue of Evanescent Operators
The one-loop matching conditions discussed in our paper constitute a part of an NLO
calculation. It is well known that in the process of NLO calculations in the NDR-MS
scheme, where ultraviolet divergences are regulated dimensionally, the so-called evanes-
cent operators that vanish in D = 4 dimensions have to be considered [32, 39]. They
arise in particular when complicated Dirac structures are projected onto the chosen ba-
sis of physical operators and can also arise when different operator bases are related by
performing usual Fierz transformations that generally are not valid in D 6= 4 dimensions.
The treatment of these operators in the process of one-loop matching must be consis-
tent with the one used in the calculation of two-loop anomalous dimensions. In performing
the NLO QCD evolutions we have used the P ija (µew) from [28], see (16), which are based
on the two-loop anomalous dimensions of operators calculated in [32]. Therefore it is
mandatory for us to treat evanescent operators appearing in the one-loop matching in
the same manner as done in [32]. Now, the latter paper used the treatment of evanescent
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operators as proposed in the context of the formulation of the NDR-MS scheme intro-
duced in [39]. The virtue of this treatment is that the evanescent operators defined in
this scheme influence only two-loop anomalous dimensions. Indeed
• By definition they do not contribute to the matching and to the finite corrections to
the matrix elements of renormalized physical operators. They are simply subtracted
away in the process of renormalization. This issue is summarized in Section 6.9.4
of [95], where further references can be found. Important papers in this context are
also [40, 41].
• Similarly using the projections of products of gamma matrices consistent with [39]
also the usual Fierz transformations are not affected by the so-called Fierz-vanishing
evanescent operators as long as the infrared divergences are not regulated dimen-
sionally [32]. Moreover, this issue is absent in the operators considered by us.
Even if these issues have been discussed in the literature it is instructive to demonstrate
in our case that indeed the usual Fierz identities can be used to relate different bases by
simply calculating the matrix elements of the involved operators and checking that the
D = 4 relations between different bases do not receive any O (αs) corrections.
In the case of the relation between the operators QLR,1 and Q5 such a test can be
performed by calculating the matrix elements of these operators inserting them in the
current-current topologies. Master formulae for these one-loop matrix elements can be
found in (6.64)–(6.69) of [95]. There, these formulae have been used for the calculation of
one-loop anomalous dimensions. Strictly speaking, when finite parts of one-loop diagrams
are considered these formulae should include a universal factor (1 + 2) that results from
the calculation of the integrals. We will keep this factor but it is irrelevant for our test.
According to the procedure outlined above, in doing the reduction of products of
γµ matrices one can omit the usual evanescent operators that are relevant for two-loop
anomalous dimensions but are chosen not to contribute to one-loop matchings. They are
simply subtracted in the process of renormalization [39]. Consequently the reductions to
be used are as follows. In the case of the QLR,1 operator we have
γµγργτPLγ
ργµ ⊗ γτPR = 4(1− 2)γτPL ⊗ γτPR , (219)
γτPLγργµ ⊗ γτPRγργµ = 4(1 +  )γτPL ⊗ γτPR , (220)
γτPLγργµ ⊗ γµγργτPR = 16(1− )γτPL ⊗ γτPR . (221)
In the case Q5 we have
γµγρPLγ
ργµ ⊗ PR = 16(1− )PL ⊗ PR, (222)
PLγργµ ⊗ PRγργµ = 4(1 +  )PL ⊗ PR, (223)
PLγργµ ⊗ γµγρPR = 4(1− 2)PL ⊗ PR . (224)
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We find then the following O (αs) contributions to the matrix elements in question:
〈QLR,1〉 =
1

αs
16pi
(1 + 2)
[
(20− 44)
3
〈QLR,1〉0 + (12− 20)〈Q˜LR,1〉0
]
, (225)
〈Q5〉 =
1

αs
16pi
(1 + 2)
[
(20− 44)
3
〈Q5〉0 + (12− 20)〈Q4〉0
]
, (226)
where
Q˜ijLR,1 = (d¯
α
i γµPLd
β
j )(d¯
β
i γ
µPRd
α
j ), (227)
and ′′0′′ indicates that these are tree-level matrix elements. We can use for the latter
D = 4 Fierz relations
QLR,1 = −2Q5 , Q˜LR,1 = −2Q4 . (228)
Using these results we indeed find that the D = 4 Fierz relation between QLR,1 and Q5
QLR,1 = −2Q5 +O
(
α2s
)
(229)
is satisfied.
For the transformation from the BMU to the JMS basis we still need one-loop matrix
elements of Q˜LR,1 and QLR,2. The reason is that
[QV 8,LRdd ]ijij = [d¯iγµPLT
Adj][d¯iγ
µPRT
Adj] =
1
2
(
Q˜ijLR,1 −
1
3
QijLR,1
)
(230)
and Q˜LR,1 do not belong to the BMU basis. We find
〈Q˜LR,1〉 =
1

αs
16pi
(1 + 2)
[
4
3
(32− 29)〈Q˜LR,1〉0 − 12〈QLR,1〉0
]
, (231)
〈QLR,2〉 =
1

αs
16pi
(1 + 2)
[
4
3
(32− 29)〈QLR,2〉0 − 12〈Q5〉0
]
. (232)
Using these results and the Fierz identities for tree matrix elements in (228) we indeed
find
Q˜LR,1 = −2QLR,2 +O
(
α2s
)
, (233)
which implies the relation between the JMS and the BMU basis given in the text.
Our results for the matrix elements of QLR,1 and QLR,2 = Q4 confirm the ones obtained
in [92] but to test the Fierz relations we had to calculate the ones of Q5 and Q˜LR,1 as well.
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